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ABSTRACT: Conantokin G is ay-carboxyglutamic acid- (Gla-) containing conotoxin isolated from the
venom of the marine cone sndilonus geographusThis 17-residue polypeptide, which contains five
y-carboxyglutamic acid residues, idNamethyl-p-aspartate- (NMDA-) type glutamate receptor antagonist.

To investigate the role gf-carboxyglutamic acid in the calcium-induced structural transition of conantokin

G, we determined the three-dimensional structure of the conantokirfGéGmplex by two-dimensional

IH NMR spectroscopy and compared it to the high-resolution structure of conantokin G in the absence of
metal ions [Rigby et al. (199Biochemistry 366906]. Complete resonance assignments were made by
two dimensionalH NMR spectroscopy at pH 5.6 in the presence of saturating amountgof Céstance
geometry and simulated annealing methods were used to derive 23 convergent structures from a set of
302 interproton distance restraints and two torsion angle measurements. A high-resolution structure, with
the backbone root mean square deviation to the geometric average of the 23 structures 6t DA,
contains a lineaa-helix from Gla 3 to Lys 15. Gla residues 3, 7, 10, and 14 are aligned in a linear array
on one face of the helix. A genetic algorithm was applied to determine the calcium positions in conantokin
G, and the conantokin G/€acomplex refined by molecular simulation. Upon binding of?Cao
y-carboxyglutamic acid, conantokin G undergoes a conformational transition from a distorted curvilinear
310 helix to a lineara-helix. Occupancy of the metal binding sites, definedybgarboxyglutamic acids,
results in formation of a calciumcarboxylate network that linearizes the helix and exposes the hydrophobic
amino acids on the opposite face of the helix.

y-Carboxyglutamic acid is a metal-binding amino acid ions that are not exposed to solvent. The stabilization of
whose synthesis is dependent upon vitamin K. Of the classeghis conformer of the vitamin K-dependent proteins by
of proteins that contaip-carboxyglutamic acid, the vitamin  calcium ions is associated with their interaction with
K-dependent blood coagulation and regulatory proteins havemembrane surface&(@), a property critical for the biological
been most thoroughly studied (for review, seeljef In these activity of these proteins. Glutamic acid or aspartic acid
proteins, 16-12 y-carboxyglutamic acid residues are located substituted fory-carboxyglutamic acid at a number of critical
in a domain at the N-terminus of the protein. Upon addition residues eliminates the membrane binding properfiesl(
of calcium ions, these proteins undergo a structural transition 12).
that is associated with the expression of a phospholipid It remains unclear whether the functional roleyetar-
binding site 2—4). The Gla domain confers upon these boxyglutamic acid in other vitamin K-dependent proteins is
proteins a structure that facilitates calcium-mediated interac-as a calcium-binding amino acid. To address this potential
tion of the protein with membrane surfac&.( The three- role for y-carboxyglutamic acid, we are studying the role of
dimensional structures of the Gla domain of prothrombin y-carboxyglutamic acid found in the conotoxins of the marine
(6), factor VII (7), and factor IX B, 9) reveal a common  snailConus These marine invertebrates elaborate a complex
polypeptide fold in which the/-carboxyglutamic acid side  series of neurotoxins in their venorhd). The sequences
chains are oriented internally to chelate a cluster of calcium of five conotoxins-conantokin G, conantokin T, Ctx Tx-
VIIA, conotoxin GS, and bromosleeper peptitleave been
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sence of disulfide bonds and calcium ions, is characterized
by a partial loop centered on Gla 3 and Gla 4, a distorted
type | turn between GIn 6 and GIn 9, and two type | turns
involving Gla 10-Arg 13 (21). A recent study of the
conantokin G/C#& structure has proposed the general
elements of the secondary structure, suggesting the presenc
of both 3 anda-helix in a flexible curvilinear helix Z2).

The tertiary structure of the peptide was insufficiently
resolved to permit analysis of the role picarboxyglutamic
acid. Inits physiologic role as a fish neurotoxin, conantokin
G is reactive with th&\-methylp-aspartate (NMDA) receptor

in the extracellular space in the presence of calcium. Since
conantokin G binds calcium ions with k& of about 2-3

mM (23) and undergoes a conformational transition upon
binding to calcium ionsZ0, 22—24), we wished to determine
the structure of the conantokin G/&Zacomplex at high
resolution in order to compare the apo structure with the
metal-bound structure and infer the role of thearboxy-
glutamic acid residues. In the current study, we demonstrate
that the solution structure of the conantokin GiCeomplex

is dominated by a lineaw-helix. Upon calcium binding to
the Gla residues and the formation of the carboxylate?™
network, conantokin G undergoes a structural transition from
a distorted curvilinear i3 helix to a lineara-helix. The
binding of C&" to conantokin G leads to the exposure of a
hydrophobic region on the opposite face of the helix.

MATERIALS AND METHODS

Peptide Synthesis and Identificatio€onantokin G was
synthesized and its covalent structure confirmed as previously
described 21).

NMR Spectroscopy Three samples of conantokin G in
90% HO were used: (1) conantokin G (1.2 mM) dissolved
in 10% D,O, pH 5.60, and 25 mM acetath: (2) conantokin
G (5.8 mM) dissolved in 10% D, pH 5.60, 100 mM NacCl,
25 mM acetatady, and 58 mM CaGl and (3) conantokin G
(1.89 mM) dissolved in 10% D, pH 5.60, 25 mM acetate-
ds, 150 mM NaCl, and CaGlas indicated); in addition, this
sample was heated to 5& at pH 7.0 in the presence of
Chelex 100 to displace any tightly bound metal ions prior
to the addition of CaGl Samples 1 and 2 were pretreated
with Chelex 100 at 25°C to remove trace metal ion
contaminants. A sample inD was prepared by lyophiliz-
ing a solution of conantokin G (10.0 mM) containing 150
mM CaCl, pH 5.60, and 25 mM acetatk-in 99.8% DO
and redissolving it in an equal volume of 99.96%
Spectra were collected at 2% on a Bruker AMX-500
spectrometer with a proton frequency of 500.14 MHz. The
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spectrum with a mixing time of 400 ms was recorded at a
calcium to conantokin G concentration of 3:1, allowing
sequence-specific assignment of the individygrotons.

Two-dimensional NOESY spectra were recorded with
mixing times of 150, 250, and 400 ms at 25. A total of
2048 or 4096 real data points were acquiretRinwith 512
time-proportional phase incrementation (TPPI) (or States-
TPPI) increments iml, with a spectral width of 8064.52 Hz
in both dimensions. A total of 128 summed scans was
collected with a relaxation delay of 1.3 s. Spectra were
multiplied with a sine bell window function shifted by 30
in t2 (applied over 1024 points) and a sine bell window
function shifted by 30in t1 (applied over all 512 acquired
points) and zero-filled to a 2K by 1K (real) matrix using the
Bruker NMR processing program. NOESY cross-peak
intensities were converted into three distance classes-(1.7
3.0 A, strong; 1.74.0 A, medium; 3.6-5.0 A, weak) and
calibrated using published metho®8). Briefly, the NOE
intensities fordgng,i+1) anddureg,y Were compared to known
distances in a range of secondary structural elemé@&s (
The dung,+1) distances were used to confirm the calibration
and were observed to be approximately 2.8 A for residues
in an o helix and aboti4 A otherwise; these results are in
agreement with Walhrich (29). The NOE intensities were
observed to be proportional to the mixing time employed.
Therefore the isolated spin pair approximation was valid for
distance determination. Nonstereospecifically assigned at-
oms were treated as pseudoatoms and given correction
distancesZ9). Distance restraint information was extracted
from NOESY spectra with different mixing times. Com-
parison of the short and long mixing-time spectra was used
to control for spin diffusion effects. TOCSY spectra were
recorded and processed using identical parameters as the
NOESY, with the exception that a 35 ms mixing time was
used in collecting 128 summed scans. A double quantum
filtered correlation (DQF-COSY)BQ) spectrum was recorded
with 4096 realt2 points, 40 summed scans, and 768 TPPI
increments. The spectrum was multiplied by sine bell
window functions shifted by 30in t2 and 30 in t1 and
zero-filled to a 2K by 1K (real) matrix. In addition, a similar
set of experiments (DQF-COSY, TOCSY, and NOESY) was
performed on a 10 mM peptide sample in 99.96%Ot a
noncorrected pH of 5.60.

Sequence-specific resonance assignments were made in
two stages. The intraresidue spin systems were identified
using the *H—'H through-bond connectivities found in
TOCSY and DQF-COSY spectra. The sequential assignment
of residues was completed on the basis of sequediial
and dyny NOE connectivities 29). The NOESY spectrum

carrier frequency was set on the water resonance, which wagollected on a sample in £ was used to reveal protons

suppressed using presaturation.

The effect of C&" on conantokin G was evaluated by one-
and two-dimensional NMR spectroscopy as a function of
C&" concentration. Following the addition of Ca@b the
sample, the sample was equilibrated for 10 min before data
collection. One dimensional data were acquired at@5
with 16K real data points, with 256 summed scans, a spectral
width of 4629.63 Hz, and processed by applying a squared
sine bell window function shifted by 30 At each CaGl
concentration, two-dimensional total correlation (TOCSY)
(25) spectra were recorded employing the MLEV-17 spin
lock sequence2p) with a mixing time of 35 ms for 32
summed scans. A nuclear Overhauser effect (NOEZY)) (

that were near the resonance of(Hprotons. The NOE
contacts were classified into “intraresidue” for NOEs within

a residue; “sequential and short-range” for contacts between
the backbone and side-chain protons of residuigh residue

i + 1; “medium-range” fori, i + 2 connnectivities; and
“long-range” fori, i + 3 andi, i + 4 NOEs between protons

on residues separated by three or more amino acid positions
in the sequence.

Structure determination used a set of 302 distance restraints
(271 intraresidue and sequential; 31 short-, medium-, and
long-range), and % angles. A combination of distance
geometry and simulated annealing methd@f (vere used
to generate 25 structures, of which 23 converged using the
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DGIl program of Insightll (Molecular Simulations, San

Diego, CA). The simulated annealing protocol was per-

formed with a force constant of 1 kcal mélA -2 applied as
described elsewher8%). The final total error function value
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vector addition method?8). An order parametef§ equals S N W i L
1.0 when the torsion angle is the same in all structures, 28 84 80 76 72 68
whereas an order parameter near zero indicates disorder at pem
that position. FlGURlEl: Or;e.-dirgeln::‘iioné'\jli NMR StpE'CtraGOf corlalngsgg; GéghrﬁM

Refinement of Conantokin G/€aStructure and Place- Zﬁgg&:ognﬂ“fo% Bom pHC%r_‘gg (i)nlr;io. (TT]‘Z "’}spectré o
ment of Calcium lons The genetic algorithmd) was used  5cquired with 1024 scans at 26. Each 1D spectrum represents
to identify the calcium positions in the solution structure of the amide region of conantokin G following the addition of specified
conantokin G. The complete set of oxygewmxygen dis- concentrations of Cagto the sample. All spectra were processed
tances withh 6 A was used to initially place the calcium T8 & St B K eak Wae removed with & se bell
lons ai[ the m_l_dpomts of two oxygen atoms. A tOt?" of 161 convoplution’ function. CaGIcor?centrations appear to the left of
midpoint positions were found that fit these constraints. Each gach spectrum.
structure in each generation was energy-minimized using
AMBER (33). After appropriate convergence of the pro- Skjaerbaek et al.2@) have recently suggested that con-
cedure, the low-energy structure found by the genetic antokin G may bind C& with very high affinity and that
algorithm was used as the starting structure for a molecularthe variable spectroscopic results obtained on apoconantokin
dynamics refinement. The molecular dynamics simulations G may relate to varying degrees of success in the removal
were performed using explicit wate®)(and the Particle-  of bound C&" from the peptide. To demonstrate that our
Mesh Ewald (PME) method incorporated into AMBER to apoconantokin G was metal-free after treatment with Chelex
accommodate the long-range electrostatic for8ds (Dur- 100, we thermally denatured conantokin G by adjusting a
ing the refinement, the newly placed calcium ions and water peptide solution to 58C in the presence of Chelex 100 and
molecules were energy-minimized followed by 100 pico- subsequently obtained a 1D NMR spectrum of the peptide
second (ps) molecular dynamics simulations. Next, anothersolution. This spectrum was identical to that previously
200 ps simulation was carried out on the calcium ions, water, described for the apoconantokin &1j, thus verifying that
and all side-chain atoms while the backbone of the polypep- this peptide was free of metal ions.
tide was fixed to the structure defined by NMR. An average Calcium-Induced Structural Transition: Effect of €an
structure was generated from the trajectory of the last 100 the y- and a-Protons ofy-Carboxyglutamic Acid Residues.
ps simulations; this structure defined the calcium ion The y-carboxyglutamic acid residues, distributed along the
network. Computations were performed on a Silicon Graph- polypeptide of conantokin G, served as probes of the
ics Power Challenge workstation and on a CRAY T90 at calcium-induced conformational transition. Since fhél
the North Carolina Supercomputing Center. anda-H of the five y-carboxyglutamic acids were spectrally

degenerate within complex envelopes in one-dimensional

RESULTS NMR spectra, these resonances were studied in two-

Conantokin G, prepared by solid-phase peptide synthesisdimensional TOCSY experiments in order to obtain definitive
and subsequently fully characterizél), corresponds to the  assignments and chemical shifts as a function of calcium
entire polypeptide sequence of conantokin G as isolated fromion concentration. After resonance assignment without added
the venom ofConus geographusNH,-Gly-Glu-Gla-Gla- C&", calcium was added to the conantokin G solution and
Leu-GIn-Gla-Asn-GIn-Gla-Leu-lle-Arg-Gla-Lys-Ser-Asn-  the o- and y-protons of y-carboxyglutamic acid were
NH,. The peptide was rendered metal-free using Chelex 100.monitored as a function of a concentration. Since the
The one-dimensional NMR spectra of the metal-free con- exchange of conantokin G and €aat equilibrium is rapid
antokin G and the conantokin G/€acomplex at pH 5.6 on the NMR time scale, the observed chemical shift of proton
were collected at 28C (Figure 1). In the one dimensional resonances represents the average between the chemical shift
spectrum of the apo conantokin G, the proton resonancesof a specific proton in the apoconantokin G and the chemical
are spectrally disperse, with many of the amide arafoton shift of that proton in the conantokin G/€acomplex.
resonances shifted from their random coil valu2g) ( We During this C&" titration, changes in the chemical shift of
have previously shown that this conotoxin in the absence of a- andy-protons associated with thecarboxyglutamic acid
metal ions is highly structured2{). Since conantokin G  residues were evident. Tleprotons of the five Gla residues
binds C&" (23), we were interested in determining the had chemical shifts of 4.064.16 ppm in the metal-free
spectral perturbations introduced with the addition of'"Ca  conantokin G (Figure 2A). The-protons of Gla 4, Gla 7,
to conantokin G and the effect of &aon conantokin G and Gla 14 underwent upfield shifts of about 0-D416 ppm
structure. upon formation of the conantokin G/&€acomplex. The
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Ficure 2: Change in chemical shifts of Gla residues as a function

of calcium concentration. (A) Chemical shift of tlheH of each

Gla residue in conantokin G as a function of?Caoncentration;

(B) chemical shift of the/-H of each Gla residue in conantokin G

as a function of C& concentration. Gla 37; Gla 4,H; Gla 7,0;

Gla 10,@; Gla 14, A.

chemical shift of thex-proton of Gla 3 was not significantly
altered, while the chemical shift of theproton of Gla 10
was shifted downfield about 0.14 ppm. Fitting of these data
to a two-state model3§) is consistent with an equilibrium
constantK, of 2 mM describing the Cd-induced confor-
mational equilibrium. The change in chemical shift reflects

Rigby et al.

chemical shift of the/-protons (data not shown). Therefore,
the chemical shifts of the-proton of the fivey-carboxy-
glutamic acid residues in conantokin G are primarily due to
perturbations of these protons by alterations in the structure
of the y-carboxyglutamic acid side chain, while the perturba-
tions of the a-protons of thesey-carboxyglutamic acid
residues is primarily due to the formation of secondary
structure in the polypeptide backbone. These results suggest
that the three-dimensional structure of the N-terminal region
of conantokin G, including Gla 3 and Gla 4, is modestly
altered by C&. However, Gla 7, Gla 10, and Gla 14
participate in a large conformational transition.

Three-Dimensional Structure of the Conantokin G/Ca
Complex. To define both the secondary structure and the
tertiary structure of conantokin G, with special emphasis on
the y-carboxyglutamic acid side chains and their role in
calcium binding, we solved the solution structure of conan-
tokin G in the presence of saturating concentrations of
calcium ions by two-dimensional homonucledd NMR
spectroscopy. Standard NOESY, TOCSY, and DQF-COSY
experiments were used to assign the resonari®@s20)
(Figure 3). For the majority of residues, TOCSY spectra
showed backbone amide toandf connectivities, the only
exceptions being thoseprotons buried underneath the water
resonance, and the intraresidue connectivities to glycine 1,
glutamine 6, and glutamine 9. In some cases, the-INH
connectivities were also observed. The proton resonance
assignments are presented in Table S-1 in the supporting
information. From the set of backbone assignments, all
remaining nonintraresidue, nonsequential NOE cross-peaks
could be identified.

The spectral resolution limited determination3dfi, to
greater than 7.5 Hz and precluded measurement for Asp 8,
GIn 9, and Gla 10 with extremely broad line widths. The
major secondary structure in this peptide was assessed as
o-helical by analysis of sequentimlH—NH 1), NH—
NHji+1, SH—NHgi+1), and ofi+s connectivities (Figure
4).

Structure calculations by distance geometry and simulated
annealing methods employed 302 distance restraints, of
which 271 were derived from intraresidue and sequential
backbone NOEs and 31 derived from medium- and long-
range NOEs. Strong interactions and NOEs betweemtthe
proton of residue and thes proton and amide of residug
i + 3 andi, i + 4 identify regions of helicity between Gla
3 and lysine 15. Throughout the helical region of the
molecule, numerous NOE cross-peaks between side-chain

alterations in the secondary structure of the polypeptide protons of Gla 3, Gla 4, Gla 7, and Gla 10 define

backbone upon Ca binding.

The chemical shifts of the/-protons of the five Gla
residues, monitored as a function of theCeoncentration
(Figure 2B), also served as reporters for the*@daduced
conformational transition. The chemical shift changes
(0.12-0.25 ppm) of they-protons of Gla 10 and Gla 14 were
characterized by a binding isotherm that fit a simple two-
state model. This two-state model had an equilibrium
constantK, of 2 mM. Ca&* induces an upfield chemical
shift of 0.32 ppm of they-proton of Gla 7 but the binding
isotherm cannot be fitted to a simple two-state model. In

well-ordered structures of these side chains (Figure 4). These
NOE cross-peaks between neighboring hydrophilic side
chains are indicative of a localized charged region on one
face of the molecule. In addition, twgl angle restraints
were used. Of the resulting 25 structures, 23 possessed an
average distance violation of 0.015 A with no NOE violations
greater than 0.2 A. These 23 structures are overlaid in Figure
5. The RMSD to the average is 046 0.1 A for the well-
defined backbone residues of 23 final structures. The
correlation and mea# andy angles for each residue were
measured for the family of structures. The majority of

contrast, there were small changes in the chemical shifts ofbackbone torsion angles had correlations near 100% for

the y-protons of Gla 3 and Gla 4. €abinding to free
y-carboxyglutamic acid was associated with a small upfield

residues 3-15. Otherwise, there is fraying of the N-termini
and C-termini on either end of the-helix.
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Ficure 4: Summary of sequential and short- to medium-range
connectivities generated from NOE peaks. The thickness of the bars
represents the intensity of the sequential andiNNE 1), aN(, i

+ 1), andpN(, i + 1) NOE connectivities. Spectral degeneracy
that precludes unique identification of a connectivity is identified
by a dashed line. Through-space connectivities typical-bélices
[aN(, i + 3), af(i, i + 3), and NN{, i + 2)] are diagrammed.

where the number of CGabound is 2-3 (23). The binding
isotherms were complex and could not be defined uniquely.
To place the positions of these Lathe previously described
genetic algorithm §) was applied and possible structures
were refined by molecular dynamics simulation with the
Particle-Mesh Ewald method to accommodate long-range
electrostatic forces3d). With the conantokin G structure
of Figure 7 as the starting structure, the average structures
of conantokin G bound to 3, 4, or 5 &awere obtained.
The best model was obtained with 4Ckpeptide, and this
structure at equilibrium during the simulation is presented
in Figure 8. In this simulation, the four €aions charge-
neutralized the conantokin G/&€astructure. The salient
feature of this conantokin G/€acomplex is the intricate
oxygen-calcium ion network. Four calcium ions, labeled
A—D, are liganded through carboxylate oxygens. Calcium
ion A is coordinated by two carboxylate oxygens of Gla 3
and one carboxylate oxygen of Gla 4; calcium ion B is
coordinated by one carboxylate oxygen of Gla 3 and two
carboxylate oxygens of Gla 7; calcium ion C is coordinated
by two carboxylate oxygens of Gla 7 and two carboxylate
oxygens of Gla 10; calcium ion D is coordinated by one
carboxylate oxygen of Gla 10 and two carboxylate oxygens
of Gla 14. In this model, each €ais liganded by three or
* ‘ : four carboxylate oxygens contributed by twecarboxy-
8.8 E'; X )8' 0 7.6 glutamic acid residues. The organization of this calcium
PP carboxylate network is shown in Figure 9. Significant

Ficure 3: NOESY spectra. (A) Region of the two-dimensional - .
NOESY spectrum (400 ms mixing time) of the conantokin GfCa noncovalent structure is imposed on conantokin G through

complex. Connectivities are illustrated between intraresidue and this carboxylate-Ca*" network. y-Carboxyglutamic acid is
sequentiala-NHg,+1), with the intraresidue NH: connectivities uniquely suited to participate in the formation of this network.
labeled with the amino acid number. In addition, interresidue and

short-range connectivities are identified. (B) Amieamide region ~ DISCUSSION

of the NOESY spectrum of the conantokin GfCaomplex. All There have been several studies of conantokin G focused

g?gtgizt';'r“eelsag]gfe’lc\;'Cﬁtﬁetﬂgern;g?gg:nﬁ)mabn; ('Tlh: g%;nn;ilgg on the influence of calcium ions on the secondary structure

connectivities commence at Gla 3 and extend through to Ser 160f the polypeptide and the metal-binding properties of this
with the cross-peak between GIn 9 and Gla 10 obscured by theconotoxin @0, 22—24). To date, the role of/-carboxy-
diagonal. glutamic acid in calcium binding and the mechanism by
A ribbon diagram of the conantokin G/&€acomplex which y-carboxyglutamic acid binding to calcium ions might
demonstrates the linearhelix that characterizes the second- mediate the structural changes in conantokin G that are
ary structure (Figure 6). A space-filling model of this important for receptor recognition have not been elucidated.
conantokin G structure emphasizes thattrearboxglutamic To assess the role of-carboxyglutamic acid in calcium
acid residues (red) are distributed along one side of the binding, we determined a high-resolution structure of con-
a-helix to form a linear arrangement of eight carboxylate antokin G in the presence of calcium ions and compared it
moieties (Figure 7). Gla 4 is adjacent to this linear array. to the high-resolution structure that we determined in the
Refinement of Conantokin G Structure and Placement of absence of metal ion2{). Furthermore, we examined the
Calcium lons. Conantokin G is a Ga-binding polypeptide, role of y-carboxyglutamic acid in defining the &abinding
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Gla 14 Gla 14
Gla 10 Gla 10
Gia7 Gla7
Gla 3 Gla 4 Gla3

FiIGURE 5: Stereoview overlay of the 23 calculated structures for conantokin 45/€amplex. All backbone structures and the
y-carboxyglutamic acid side chains are shown superimposed with the geometric average structure. The polypeptide backbone is illustrated
in black and they-carboxyglutamic acid side chains are in red. The polypeptide backbone root-mean-square deviation compared to the
average is 0.6- 0.1 A. Each Gla residue and the N- and C-termini are labeled.

Gla 10

FicUrRe 7: Space-filling model of the Céa-stabilized conformer
of conantokin G. The Gla residues (red) define the Gla patch. The
. five Gla residues are labeled by residue number. Gla 3, 7, 10, and
FiGURE 6: Backbone structure of Conantok!n G. The backbone of 14 form a linear array; Gla 4 is adjacent to and Contiguous with
the lowest-energy structure of the conantokin G/fGarepresented  the patch.
as a ribbon. The polypeptide is oriented with the N-terminus
pointing down. A lineart-helix extends from Gla 3 to Lys 15. All  resolved to analyze the role of thecarboxyglutamic acid
residues are white exceptcarboxyglutamic acids (red). side chains. This three-dimensional structure, with a RMSD

) o ) of 0.6 A, is characterized by a linearhelix from residue 3
sites, to better understand why glutamic acid residues do notig 15, with a straight axis in all of the calculated structures.
preserve conantokin G function when substitutedyf@ar-  Furthermore, we demonstrate that foucarboxyglutamic
boxyglutamic acid residue20Q). acid residuesGla 3, Gla 7, Gla 10, and Gla tre aligned

In this study, we define a high-resolution tertiary structure on one face of thet-helix to form a continuous surface and

of the conantokin G/Ca complex that is sufficiently well-  that Gla 4 is adjacent to this Gla patch. The lower-resolution
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FiGUurRe 8: Model of the Céf/conantokin G structure, with the
addition of bound calcium ions. Calcium placement was determined
using a genetic algorithm as described in Materials and Methods.
The Gla residues in the Gla patch are shown in red and the bound
calciums (A-D) are shown in yellow. The lowest energy structure
is illustrated as a space-filling model.

NMR experiment of Skjaerbaek et aR3) is limited to an
analysis of the secondary structure. Their structure of the Figure 9: Calcium ion-carboxylate coordination network. Each
conantokin G/C&# complex, with a RMSD of 1.68 A defined  calcium ion is liganded by three or four carboxylate oxygens. The
by 161 distance restraints, has botl Belix and a-helix bidentate structure gf-carboxyglutamic acid enables the formation
components. They suggest that there are two well-defined® 2 dcompleé net\l/v_o[k '”VIO.'V'“g. multiplg-carboxyglutamic acid
helices toward the N- and C-termini that are connected by g esIaues anamu fiple calcium fons.
somewhat flexible midregion. Skjaerbaek et @R)(suggest C
that their NMR data may not be sufficient to define the Cla 14
relative orientations of sections of the helix or that a helix
extending nearly the length of the polypeptide has genuine C Cla 14 A
flexibility. On the basis of our high-resolution structure, we
believe that the former interpretation is correct: there are Gla10
insufficient data to define the tertiary structure of the Gla 10
polypeptide and the smaller number of observed constraints
may be responsible for the curvature in the backbone of their 2+
conantokin G structure. 2 -
The Gla domain of the vitamin K-dependent blood Gla7
coagulation proteins is a specialized module that is respon- Gla?
sible for the calcium-dependent interaction of these proteins
with membrane surfaces. In the absence of metal ions, these
proteins fail to bind to membrane surfaces. Upon addition Cla3 Glad Gla 3 Gia 4
of metal ions, they undergo two conformational transitions N
that can be monitored by fluorescence quenching or circular N

dichroism or with Conformatlon-spep_lflc antibodiez—4, Ficure 10: Calcium-induced structural transition in conantokin G.
36). The first conformational transition occurs upon 0C-  The formation of a network of carboxylate ligands bound t8'Ca
cupancy of metal binding sites by most divalent metal ions is associated with the stabilization of a unique conformer and the
(36). The second conformational transition requires calcium exposure of solvent-accessible hydrophobic amino acids that are
ions and is associated with the expression of the membraneavailable for membrane interaction.

binding site. The Gla domain of the metal-free form of factor for internal calcium ions, some of which are not solvent-
IX shows stable structure between residues 6 and 9, theexposed. This has similarly been proposed for factoB#.(
disulfide-linked loop from Cys 18 to Cys 23, and a helix Thus, y-carboxyglutamic acid residues play a key role in
from residue 35 to 463Q2). The y-carboxyglutamic acid the vitamin K-dependent blood coagulation proteins as
residues are exposed to solvent. However, in the calcium-ligands for calcium and stabilization of a calcium-bound
stabilized complex of factor IX, factor VII, and prothrombin  conformer in which the N-terminal loop containing the
(6—9), the Gla side chains are reoriented inward, as ligands membrane binding site is exposetD).
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In contrast, the conantokin G/€acomplex shows a
distinct and unique organization of Gla residues. The Gla
side chains are completely exposed to solvent, and Gla 3,
Gla 7, Gla 10, and Gla 14 are nearly perfectly aligned in a
linear array. Only Gla 4 is separate from this array.
Although y-carboxyglutamic acid remains a chelator of
calcium ions and this interaction stabilizes a unique con-
former of the polypeptide, the structural motif is clearly
distinct from that of the vitamin K-dependent blood coagula-
tion proteins. The energy associated with the formation of
the Gla carboxylate Ca* network effects a transition from
the distorted @ helix structure and from the hydrophobic
collapse that is responsible for the curvilinear axis of the
apoconantokin G structure (Figure 10). In the formation of
the network of C&" liganded by carboxylate groups of Gla
residues, the helix is straightened, the hydrophobic interac-
tions on the opposite side of the helix are perturbed, and
this hydrophobic patch is more exposed to solvent. By
comparison of the structures of the apoconantokin G and
the conantokin G/C4 complex, the environment around the
side chains of Gla 3 and Gla 4 is only modestly altered during
this C&*-induced conformational transition. Indeed, we
demonstrate minimal alterations in the chemical shifts of the
y-protons of thesey-carboxyglutamic acids during the
conformational transition. However, the polypeptide back-
bone from Gla 3 to Lys 15 undergoes a substantial structural
transition to realize the-helix, and the chemical shifts of
they-protons of Gla 7, Gla 10, and Gla 14 and th@rotons
of Gla 4, Gla 7, Gla 10, and Gla 14 are influenced by this
transition.

It is likely that the C&'-liganded form of the conotoxin
is biologically active. Thus, a common feature of the vitamin
K-dependent blood coagulation proteins and conantokin G
is the formation of a network of carboxylate ligands bound
to C&". This network, first described in vitamin K-
dependent proteins by Tulinsky and colleaguéy, (s
associated with the stabilization of a unique conformer and
the exposure of solvent-accessible hydrophobic amino acids
that are available for membrane interactiop-Carboxy-
glutamate-C&" interaction in conantokin G has a critical
role in defining the physiologically relevant structure as well.
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