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ABSTRACT: Conantokins are short (17-27 amino acid residues),γ-carboxyglutamate (Gla)-rich peptide
components of the venoms of marine snails of the genusConus. They display high apo and/or Ca2+-
induced helicity and act as potent and selective inhibitors of theN-methyl-D-aspartate receptor (NMDAR).
We have previously established that one of the conantokins, conantokin-G (con-G), self-associates in the
presence of Ca2+ with high specificity for antiparallel chain orientation [Dai, Q., Prorok, M., and Castellino,
F. J. (2004)J. Mol. Biol. 336, 731-744]. The dimerization appears to be driven by interhelical
Ca2+ coordination between the following residue pairings: Gla3-Gla14′, Gla7-Gla10′, Gla10-Gla7′, and
Gla14-Gla3′. A second member of the conantokin family, conantokin-T (con-T), shares sequence identity
with con-G at 8 of 21 amino acids, including 4 Gla residues. These similarities notwithstanding, several
primary and secondary structural differences exist between con-T and con-G. Particularly notable is that
con-T contains a Lys, rather than a Gla, at position 7. Moreover, unlike con-G, con-T does not undergo
Ca2+-triggered self-assembly. In the present study, sedimentation equilibrium ultracentrifugation is employed
to demonstrate that a single amino acid replacement analogue of con-T, con-T[K7γ], assumes a dimeric
superstructure in the presence of Ca2+ at pH values consistent with the ionization of Gla carboxylate
groups. Furthermore, HPLC-monitored thiol-disulfide folding and rearrangement assays with Cys-
containing con-T variants suggest that the relative chain alignment preference in the noncovalent complex
is antiparallel. Our results suggest that interchain Ca2+ coordination in con-T[K7γ] is incumbent upon an
“ i, i + 4, i +7, i +11” arrangement of Gla residues, as occurs in native con-G.

Helix-helix interactions, such as those that occur in
coiled-coil domains (1-3), four-helix bundles (4), membrane-
spanning helical bundles (5), or EF hands (6), are important
to the structural organization and function of numerous
proteins. In engineered proteins or peptides, a firm under-
standing of the noncovalent forces that influence such folding
patterns is necessary for the successful incorporation and
manipulation of desired superstructural motifs. In several
natural proteins and model peptide systems, metal ions can
aid in the formation of coiled coils and helical bundles
through stabilization of preexisting folded components into
superstructures (7-9) or by directing the folding and
subsequent assembly of polypeptide chains (10-13). In both
categories, while cooperative metal ion coordination among
subunits initiates oligomerization and/or guides relative chain
orientation, hydrophobic interactions at the interchain inter-
face remain the predominant forces that drive and stabilize
complex formation.

Recently, we have found that synthetic conantokin-G (con-
G),1 a 17-residue,γ-carboxyglutamate (Gla,γ)-rich neuro-
active peptide (GEγγLQγNQγLIRγKSN-NH2) derived from

the venom ofConus geographus, self-associates in the
presence of Ca2+ to form a helical dimer with an antiparallel
orientation (14). To our knowledge, con-G is the smallest
naturally occurring peptide to undergo metal ion mediated
self-assembly. This superstructure is also unusual in the realm
of helix-helix interactions because the bulk of the binding
energy associated with subunit association appears to derive
from interhelical Gla-Ca2+ coordination, rather than hydro-
phobic interactions. On the basis of sedimentation equilib-
rium results obtained with individual Gla replacement
analogues of con-G, we have identified the following Gla
residues as interhelical Ca2+ coordination partners: Gla3-
Gla14′, Gla7-Gla10′, Gla10-Gla7′, and Gla14-Gla3′. A second
member of the conantokin family, conantokin-T (con-T;
GEγγYQKML γNLRγAEVKKNA-NH 2) from Conus tulipa
(15), shares sequence identity with con-G at eight sequence
positions, including the four positions occupied by Gla
residues. Aside from these similarities, conspicuous primary
sequence differences exist between the two peptides, namely,
length (con-T is four residues longer than con-G) and the
distinct lack of conservation among the nonidentical residues
(only position 12 is conserved). Regarding the latter set of
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differences, the most striking resides with sequence position
7, which is Gla in con-G and Lys in con-T. The two peptides
also have pronounced secondary structural characteristics:
Con-G exhibits minimal structure in its metal-free form, yet
assumes pronounced, end-to-end helicity in the presence of
divalent metal cations (16-20). In contrast, con-T is highly
helical in the absence of metal ions as well as in metal ion
loaded form (16, 17, 21). Con-T also displays greater affinity
for Ca2+ and Mg2+ compared with con-G (16, 22). These
differing properties can, in part, be ascribed to the nature of
the residue occupying sequence position 7. For apo-con-G,
the presence of Gla7 introduces a continuum of ofi, i + 3,
andi, i + 4 electrostatic repulsions, obviating helix formation
whereas, in the case of con-T, a Lys at position 7 facilitates
helix-stabilizing side-chain interactions, viz., those between
Gla3 and Lys7, Gla4 and Lys7, and Lys7 and Gla10 (17, 21).
Pertinent to the present study, another salient difference
between the two peptides includes the observation that con-
T, unlike con-G, does not self-associate in the presence of
Ca2+ (14). This incongruity is addressed herein by examining
the relationship of Gla arrangement, with emphasis on
sequence position 7, to the associative tendencies of con-T-
based peptides.

MATERIALS AND METHODS

Peptide Synthesis, Purification, and Characterization.The
methods for synthesis, purification, and characterization of
non-Cys- and reduced Cys-containing peptides, as well as
the oxidative formation of the disulfide-linked homostranded
peptides (di-C0-con-T[K7γ] and di-con-T[K7γ,V17C]) and
the heterostranded species, C0-con-T[K7γ]/con-T[K7γ,V17C],
were similar to those previously described (14).

Determination of Peptide Strand Orientation.Strand
orientation preference was determined using con-T[K7γ,V17C]
and C0-con-T[K7γ]. Typically, a 1:1 molar ratio of con-
T[K7γ,V17C] and C0-con-T[K7γ] at concentrations of 0.3-
0.5 mM were stirred in an open vial at room temperature in
a total volume of 0.5 mL of folding buffer (50 mM NaBO3/
100 mM NaCl, pH 8.2). The progress of the oxidation was
monitored by analytical reverse-phase HPLC as follows:
Volumes of 20µL were injected onto an HPLC equipped
with a Vydac C18 column (218TP, 4.6 mm× 250 mm)
equilibrated in 95% of 0.1% TFA and 5% of 0.1% TFA/
CH3CN at a flow rate of 1.0 mL/min. At a time of 2 min
postinjection, a 40 min gradient of 10-35% 0.1% TFA/CH3-
CN was implemented to elute the peptides. The absorbency
was monitored at 214 nm. Product peaks were individually
collected and identified by DE-MALDI-TOF spectrometry.

The thiol-disulfide rearrangement experiments were car-
ried out under conditions similar to the above folding
procedure. The homostranded disulfide-linked peptides (di-
C0-con-T[K7γ] or di-con-T[K7γ/V17C]) were dissolved in
folding buffer at a concentration of 220µM. An aliquot of
reduced con-T[K7γ,V17C] was added to the di-C0-con-
T[K7γ] solution. Conversely, an aliquot of reduced C0-con-
T[K7γ] was introduced into the di-con-T[K7γ,V17C]. In
either case, the initial disulfide/reduced monomer molar ratio
was 1:2. CaCl2 or MgCl2 was immediately added for a final
concentration of 20 mM or 10 mM, respectively. Aliquots
were removed at selected intervals and analyzed by analytical
reverse-phase HPLC as described for the oxidation of the
reduced peptides.

Circular Dichroism.CD spectra were recorded between
195 and 260 nm on an AVIV Model 202SF spectrometer as
detailed earlier (14).

Isothermal Titration Calorimetry (ITC).The binding
isotherms of metal ions to con-T and con-T[K7γ] were
determined at 25°C on a VP-ITC microcalorimeter (Micro-
Cal, Inc., Northampton, MA) using procedures similar to
those described previously (14). Peptides were dissolved in
10 mM Na-Mes, 100 mM NaCl, pH 6.5, for a final
concentration in the reaction cell of 0.3-0.5 mM. Titrant
solution consisting of CaCl2 or MgCl2 (ca. 15 mM), in
matching Mes buffer, was delivered at 200 s intervals. For
each experiment, the heats of CaCl2 or MgCl2 dilution were
determined in the absence of peptide and subtracted from
the total heat changes observed. Corrected titration curves
were deconvoluted for the best fit model using the ORIGIN
for ITC software package supplied by MicroCal.

Analytical Ultracentrifugation.Sedimentation equilibrium
experiments were performed with on a Beckman Optima
XL-I analytical ultracentrifuge (Palo Alto, CA) equipped with
an An-60 Ti rotor. All peptides were dissolved in 10 mM
sodium borate/100 mM NaCl buffer at pH 6.5 or pH 8.0
(with the exception of the pH-dependence experiment) at a
concentration of 150µM, and introduced into standard two-
channel cells. The peptide samples in the absence and
presence of the indicated divalent metal ion (chloride salt)
were independently rotated at 32000 and 45000 or 52000
rpm at 20°C for 25 h. Absorbance monitoring was performed
at 275 nm. The apparent molecular weight (MWapp) was
obtained by fitting the data to a single ideal species or self-
association using the sedimentation analysis software sup-
plied by Beckman. The partial specific volumes used were
0.719 mL/g and 0.711 mL/g for con-T and con-T[K7γ],
respectively, and were calculated from the mass average
of the partial specific volumes of the individual amino
acids. The partial specific volume of Gla was assigned that
of Glu.

RESULTS

Replacement of Lys7 with Gla Results in Ca2+-Induced
Self-Assembly of Con-T.The primary sequences of con-T
and related peptides relevant to this study, as well as their
R-helical heptad repeat assignments (a-g or a′-g′), are
shown in Figure 1. Sedimentation equilibrium, CD, and ITC
data for con-T and con-T[K7γ] in the presence or absence
of Ca2+ and Mg2+ are listed in Table 1. Both peptides bind
Ca2+ and Mg2+ and undergo substantial increases in helicity
as a consequence, although the absolute value of the CD-
derived helical content of metal-free con-T[K7γ] is consider-
ably less than that of con-T (12% versus 55%), consonant
with the negligible helicity associated with apo-con-G (16,
20). Oligomerization of con-T was not noted in either apo
or metal ion complexed forms. Upon replacement of Lys7

with Gla, the resulting analogue also displayed monomeric
behavior under metal ion free conditions. However, the
apparent molecular weight (MWapp) of con-T[K7γ] (150µM)
was effectively doubled from 3390 to 6660 upon addition
of 20 mM Ca2+ (Figure 2).2 Essentially identical MWapp

values were obtained for the apo- and Ca2+-loaded forms of
con-T[K7γ] at peptide concentrations of 300µM, strongly
suggesting that the dimeric complex is the largest higher
order species attainable under the cited conditions (data not
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shown). The low stoichiometry of Ca2+ binding to con-
T[K7γ], ca. 3 mol of Ca2+/mol of peptide, discounts the
possibility that the increase in MWapp is attributable to
complexed Ca2+. As previously found for con-G (14), other
alkaline-earth metal ions, including Ba2+ and Sr2+, also
induce the self-assembly of con-T[K7γ]. However, neither
Mg2+, Zn2+, nor Mn2+ facilitates association, despite the
higher content ofR-helix in these metal ion/peptide com-
plexes compared to Ca2+-bound con-T[K7γ] (Table 1). The
MWapp values of the Gla-deficient con-T analogues, con-
T[K7γ,γ3A], con-T[γ10A], and con-T[γ14A], were also
determined in the absence and presence of Ca2+. In all cases,
only monomeric MWappvalues were noted for these peptides
(data not listed).

The dependence of the MWapp of con-T[K7γ] on Ca2+

concentration is clearly shown in Figure 3A. The EC50

associated with the Ca2+-assisted transition is 0.45 mM. The
MWappat the plateau (6750) corresponds to the dimeric value.
The ability of Mg2+ to displace Ca2+ as an intra- but not an
intermolecular ligand is also presented in Figure 2A. The
EC50 of Mg2+ for reversal of the Ca2+-mediated dimerization
is 0.28 mM. Thus, while Mg2+ binds con-T[K7γ] more
tightly than Ca2+, it cannot support interchain association.

The self-association of con-T[K7γ] in the presence of Ca2+

also exhibits pH dependence. As shown in Figure 3B, con-
T[K7γ] displays a monomeric MWapp at pH 3.5, despite the

2 The calculated sequence-based apo monomeric MW for con-T[K7γ]
) 2724. While the MWappdetermined from sedimentation equilibrium
of metal-free, presumably monomeric, con-T[K7γ] is higher than the
calculated value, the random distribution of residuals attending the fit
to a single ideal species, as shown in Figure 2A, is a reliable indicator
of monomeric solution behavior. The disparity in calculated versus
experimental MW may, in part, reside with the artificially high partial
specific volume of 0.711 mL/g assigned to the con-T[K7γ]. Because
the partial specific volume of Gla has not been reported, we assigned
to it the Glu value of 0.66 mL/g. This is almost certainly an overestimate
when considering that the additional carboxylate in the Gla side chain
should effectively lower the partial specific volume relative to Glu.
When the high percentage of Gla in con-T[K7γ] is considered, the effect
of incorporating an incorrect partial specific volume for Gla can lead
to a significant overestimate of MWapp. The same rationale can also be
extended to the discrepancy in the experimentally determined versus
sequence-based MW for con-T. These discrepancies notwithstanding,
we emphasize that the relative MWapp values strongly argue for a
monomer-dimer equilibrium.

FIGURE 1: Primary sequences of the conantokin peptides used in the study. The positions of individual amino acids in the helical heptad
repeat are denoteda-g anda′-g′ (for antiparallel strands).

FIGURE 2: Sedimentation equilibrium scans (bottom panels) for con-T[K7γ] (150 µM) in 10 mM NaBO3, 100 mM NaCl (pH 6.5) in the
(A) absence and (B) presence of CaCl2 (20 mM). The data were collected at rotor speeds of 52000 rpm. The fitted MWappvalues corresponding
to these data were 3300 for A and 6700 for B. The distributions of residuals for the calculated fits are displayed in the top panels. Similar
values for MWapp were obtained from experiments conducted at rotor speeds of 45000 rpm.

Table 1: Metal Ion Effects on the Secondary Structure and
Self-Associative Properties of Con-T and Con-T[K7γ]

peptide metal iona % helixb MWapp
c nd Kd

d (µM)

con-T none 55 3160
Ca2+ 72 3240 0.8e 428e

Mg2+ 82 3290 0.8e 10e

con-T[K7γ] none 12 3390
Ca2+ 67 6660 2.8 120
Mg2+ 74 3330 1.6 18
Zn2+ 72 3750
Mn2+ 70 3700
Ba2+ 50 10080
Sr2+ 52 7060

a For both CD and analytical ultracentrifugation experiments, the
metal ion concentrations employed were 20 mM for Ca2+, Mg2+, Ba2+,
and Sr2+ and 5 mM for Zn2+ and Mn2+. In all cases, the chloride salts
were used.b Percentage of helix was determined from CD measure-
ments as described earlier (16). c Values for MWappwere derived from
2 to 4 separate sedimentation equilibrium analyses. In all cases the
error estimate for replicate experiments wase8%. d Values for n
(stoichiometry of metal ion binding) andKd were determined by ITC
as indicated in Materials and Methods.e Excerpted from a previously
published study (22).
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presence of 20 mM Ca2+. With each incremental pH increase,
an increasing amount of con-T[K7γ] association occurs,
suggesting that the formation of the higher order species
relies on the ionization of one or more acidic side chains,
which include Glu2, Glu16, and Gla residues 3, 4, 7, 10, 14.
A fit of the limited data for the pH-induced dimerization
provided a pH midpoint of 5.1. The ratio of molar ellipticities
at 222 and 208 nm ([Θ222]/[Θ208]) is also Ca2+- and pH-
dependent (Figure 4). At Ca2+ concentrations of 5 mM and
higher, and at pH values of 5 and above, the [Θ222]/[Θ208]
ratio is greater than 1. Though not an uncontestable indicator
of supercoiling (23), a [Θ222]/[Θ208] ratio of greater than 1
is generally regarded as diagnostic of coiled-coil structure,
and perhaps other interacting helices (24, 25). The inflection
points for the CD-monitored Ca2+ and pH titrations cor-
respond to 0.70 mM and 4.40 pH units, respectively. These
values, similar to those extracted from the data in Figure 3,
imply that an increase in peptide helicity is coincident with
the self-association event.

When examined at different Ca2+ concentrations, the CD-
monitored temperature dependence of the band intensities
of con-T[K7γ] at 208 and 222 nm is markedly different
(Figure 5A). At low Ca2+ levels (0.2 mM), where the
monomeric form of the peptide prevails, the intensities of
the minima at 208 and 222 nm decrease in a nearly parallel
manner with increasing temperature. However, for the
melting curve conducted at high Ca2+ concentration (20
mM), a steeper temperature-dependent decrease in band
intensity at 222 nm versus 208 nm is observed. This is
consistent with the presence of interacting helices for which
the change at 222 nm reflects strand dissociation as well as
monomeric helix unfolding, whereas the ellipticity at 208
nm only reports monomer unfolding. An examination of the
effect of guanidine-HCl on peptide denaturation at different
con-T[K7γ] concentrations also reinforces the existence of
reversible peptide oligomerization under saturating Ca2+

conditions (Figure 5B). As is consistent with a concentration-
imposed shift in the monomer-dimer equilibrium, the higher

concentration of peptide (150µM) is clearly more refractory
to unfolding than the more dilute (30µM) sample.

Helical Strand Orientation in Con-T[K7γ]/Ca2+. In order
to determine the relative strand alignment, i.e., parallel or
antiparallel, of the Ca2+-loaded con-T[K7γ] dimer, we
designed two Cys-containing con-T[K7γ] variants as fol-
lows: con-T[K7γ,V17C] which contains a Cys substitution
at the C-terminal Val17, and C0-con-T[K7γ], in which a Cys
residue precedes the N-terminal Gly. Because our initial
model of the con-T[K7γ] helical dimer consisted of a Gla
core (designated as positionsa andd in the heptad template)
involving Gla residues 3, 7, 10, and 14, the placement of
Cys in each variant also occurs at positiona or d in the
heptad repeat (Figure 1). Using the two Cys-containing
variants, the preference for relative helix orientation was
assessed by examining relative amounts of oxidized product
(26-28). The distribution of products resulting from co-
incubation of C0-con-T[K7γ] and con-T[K7γ,V17C] in the
absence and presence of various metal ions is shown in the
series of chromatograms in Figure 6. With Ca2+ present,
the main oxidative product is the “antiparallel” heterodimer
(C0-con-T[K7γ]/con-T[K7γ,V17C]) which predominates over
the homostranded products, di-C0-con-T[K7γ] and di-con-
T[K7γ,V17C], at a ratio of 17:4:1. Among the other metal
ions tested, Sr2+ partly mimics the action of Ca2+ while
Mg2+, Ba2+, and Mn2+ are far less effective at directing the
formation of a specific disulfide-bonded species. In the
presence of Mg2+, for example, the ratio of heterodimer, di-
C0-con-T[K7γ], and di-con-T[K7γ,V17C] is ca. 3:3:1. In the
absence of any metal ion or in the presence of metal ions
other than Ca2+, the final oxidation product distribution was
attained after ca. 4 h, while heterodimer formation in the
presence of Ca2+ was completed in less than 30 min. These
time course results indicate that, in Ca2+-containing folding
buffer, the “antiparallel” heterostranded species is both
kinetically and thermodynamically favored.

The preference of antiparallel helix orientation is further
supported by the results of related thiol-disulfide exchange

FIGURE 3: Effects of divalent ion concentration and pH on the MWapp of con-T[K7γ] as determined by sedimentation equilibrium. Peptide
concentration in all cases was 150µM. (A) The effect of CaCl2 (0) on the self-association of con-T[K7γ] in 10 mM NaBO3, 100 mM
NaCl, pH 6.5; the effect of MgCl2 (9) on the monomer-dimer equilibrium of con-T[K7γ] in 10 mM NaBO3, 100 mM NaCl, 20 mM
CaCl2, pH 6.5. Fits (solid lines) were obtained from nonlinear regression analysis of the data described by the simple hyperbolic equation
for one-site binding, MWapp) (MWapp(max)× M2+)/(EC50 + M2+), where M2+ is either Ca2+ or Mg2+ and EC50 is the metal ion concentration
at which half of the sites involved in dimerization are occupied. (B) The influence of pH on con-T[K7γ] oligomerization in the (O) absence
and (b) presence of Ca2+ (20 mm). Peptide was dissolved in 100 mM NaCl. The pH was adjusted by the addition of 1 N NaOH or HCl.
The data for the Ca2+-containing titration were fitted to the logistic equation: MWapp ) MWapp(initial) + (MWapp(max)- MWapp(initial))/(1 +
10pHmid-pH), where pHmid is the midpoint of the transition from monomeric (MWapp(initial)) to dimeric (MWapp(max)) molecular weight.
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experiments (29, 30) in which the homodimeric disulfides
were individually incubated with C0-con-T[K7γ] and con-
T[K7γ,V17C] (Figure 7). Beginning with con-T[K7γ,V17C]
and di-C0-con-T[K7γ] in a 2:1 molar ratio in the presence
of Ca2+, the heterodimeric product is the prevalent species
at equilibrium. However, with Mg2+ present in this folding
buffer, formation of the heterostrand is minimal. The
heterodimer also formed, albeit not completely, in the
complement experiment in which C0-con-T[K7γ] and di-
con-T[K7γ,V17C] were the initial reactants. These data
indicate that the homostranded peptides are not the most
stable disulfide products, and will exchange with reduced
peptide to form the heterostranded species. In addition, in
the presence of Ca2+, the heterodimer is completely resistant
to scrambling upon the introduction of C0-con-T[K7γ] or
con-T[K7γ,V17C] (data not shown), further underscoring the
Ca2+-linked stability of this species. These results conclu-
sively demonstrate that, in Ca2+-containing buffer, the
heterodimeric peptide is more stable than either homodimer.

Extrapolating to the reversibly associating system, we
conclude that the Ca2+-triggered self-assembly of con-T[K7γ]
into a dimeric superstructure occurs with antiparallel strand
orientation.

DISCUSSION

We have previously found that the Ca2+-assisted self-
association of the naturally occurring conantokin peptide,
con-G, appears contingent upon an “i, i + 4, i +7, i + 11”
arrangement of Gla residues (14). Broadly speaking, the con-
G/Ca2+ complex is a dimeric assembly of highly helical
strands, but the driving force directing the self-organization
is distinguished from canonical coiled coils and helical
bundles insofar as it appears to originate and be maintained
by electrostatics rather than hydrophobic effects. Con-T is
also a member of the conantokin peptide family and displays
biological activity similar to that of con-G, namely, inhibiting
ion flow through the NMDAR (15), yet con-T is unable to
self-associate in the presence of Ca2+(14, 22). To establish
the contributions of Gla placement in mediating self-
association in the conantokins, we have evaluated the metal
ion induced oligomeric tendencies of con-T[K7γ], a peptide
that bears homology to con-G with respect to the primary
sequence location of Gla residues.

From sedimentation equilibrium analyses, we have dem-
onstrated that the single amino acid substitution of Lysf
Gla at sequence position 7 in con-T is sufficient to yield a
species that can form a complete, stable dimer in the presence
of 20 mM Ca2+ (Table 1). Our microcalorimetric data has
revealed that con-T[K7γ] has a higher Ca2+ binding stoi-
chiometry (ca. 3 mol of Ca2+/mol of monomer or 6 mol of
Ca2+/mol of dimer) compared to con-T (ca. 1 mol of Ca2+/
mol of peptide). This multiple Ca2+ binding was best fit to
an equivalent sites model, indicating that no discernible
cooperativity is involved in the Ca2+-mediated dimerization
of con-T[K7γ]. Furthermore, the covalent trapping of oxi-
datively folded Cys-containing con-T[K7γ] products, as
presented in Figures 5 and 6, highlights the preference for
antiparallel strand orientation in the Ca2+-bound dimeric state.
These properties of Ca2+-con-T[K7γ] effectively mimic those
of con-G (14), implying that the mere replacement of Lys7

with Gla is adequate not only for introducing multiple
binding sites for Ca2+ but also for inducing the multiple
interchain metal ion coordinations that support the dimeric
complex. However, the NMDAR inhibitory activity of con-
T[K7γ] is 5-fold reduced relative to con-G (31), suggesting
that the presence of a Gla at sequence position 7 in the con-T
context does not permit the recapitulation of con-G-like
functional properties. A model for the Ca2+-bridged con-
T[K7γ] dimer, similar to that proposed for con-G (14), is
presented in Figure 8. Residue placement is based on the
NMR-derived structures of the apo- and Ca2+-loaded forms
of con-T, in which Gla residues 3, 10, and 14 (and
presumably Gla7 of the variant) reside on the same face of
the helix, in a nearly linear array (17, 21). This schematic is
consistent with both antiparallel strand alignment and a
stoichiometry of 6 mol of Ca2+/mol of dimer (assuming that
four Ca2+ ions bridge the dimer interface and that each strand
binds an additional Ca2+ at sites outside the core, possibly
at Gla4 (14)). In this helical assembly, Gla residues 3, 7, 10,
and 14, located at thea andd helical wheel positions of one

FIGURE 4: CD-monitored Ca2+ and pH titrations of con-T[K7γ].
(A) Representative wavelength scans from the titration of 150µM
con-T[K7γ] with CaCl2 in 10 mM NaBO3, 100 mM NaCl, pH 6.5:
(b) 0 mM Ca2+; (O) 1 mM Ca2+; (9) 2.5 mM Ca2+; (0) 20 mM
Ca2+. Inset: The ratio of molar ellipticities at 222 and 208 nm as
a function of added Ca2+ for the full complement of points
employed in the titration. An EC50 for Ca2+ of 0.71 mM was
obtained from a nonlinear regression analysis of the data described
by the simple hyperbolic equation for one-site binding, as described
in the caption to Figure 3. (B) Representative wavelength scans
from the pH titration of 150µM con-T[K7γ]. Peptide was dissolved
in 100 mM NaCl, 20 mM CaCl2 and adjusted for the desired pH
using 1 N HCl or NaOH: (O) pH 3.0; (b) pH 4.5; (0) pH 5.0; (9)
pH 9.0. Inset: The ratio of molar ellipticities at 222 and 208 nm
as a function of pH for the full complement of pH values used in
the titration. Data were fit to the logistic equation, as described in
the caption to Figure 3.
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chain, are bridged (through coordination with a total of four
calcium ions) with Gla residues 14′, 10′, 7′, and 3′,
respectively, of the complementary chain. Interchain interac-
tions are not supported by Mg2+, Zn2+, nor Mn2+ despite
the greater binding affinity of these species for the conan-
tokins and their ability to induce high helix content relative
to Ca2+. In fact, as shown in Figure 3A, the Ca2+-mediated
dimeric complex can be collapsed through addition of Mg2+.
This not only implies that the dimerization attending Ca2+

binding is incumbent upon proper geometry in the metal-
ligand interactions but also suggests that con-T[K7γ] may
find utility as a selective and reversible Ca2+ sensor.

It should be noted that, as seen with con-G (14), Sr2+ and
Ba2+ also promote the oligomerization of con-T[K7γ]. The
oxidation product distributions in Figure 7 indicate a
pronounced bias for antiparallel strand assembly in the
presence of Sr2+, but not in the case of the Ba2+-facilitated

oxidation. For the latter ion, this may reflect a tendency to
promote oligomerization or aggregation through general
carboxylate-Ba2+ bridging, as reported for other Gla-
containing species (32).

In conclusion, the introduction of Gla residue at position
7 in con-T is essential to form a relay of four Gla residues
spaced at “i, i + 4, i + 7, i + 11” intervals which, in turn,
provide a distribution of charges at the helix interface that
are optimal for interhelical metal ion coordination. In contrast
to con-T, this particular Gla arrangement is deleterious to
helical structure in the apo form of the variant, owing to
intrahelical charge repulsion (17, 18). Despite identical Gla
residue placement in con-T[K7γ] and con-G, the former is
more thermally stable and dimerizes to a higher extent than
con-G under identical solution conditions. (The fractional
dimer content of con-G is 0.48 (14), whereas con-T[K7γ] is
fully dimeric.) This may be attributable to stabilizing
hydrogen bonding contacts between the guanidinium of Arg13

FIGURE 5: CD-monitored thermal and guanidine-HCl denaturations of con-T[K7γ]. (A) Thermal melts of peptide (150µM in 10 mM
NaBO3, 100 mM NaCl, pH 6.5) followed at 208 and 222 nm at low and high Ca2+ concentrations: (O) 208 nm, 0.2 mM CaCl2; (b) 222
nm, 0.2 mM CaCl2; (9) 208 nm, 20 mM CaCl2; (0) 222 nm, 20 mM CaCl2. (B) The ratio of molar ellipticities of peptide at 222 nm in the
presence [Θ] and absence [Θ0] of guanidine-HCl were determined at the indicated guanidine-HCl concentrations. Experiments were conducted
at 25°C in 10 mM NaBO3, 100 mM NaCl, 20 mM CaCl2, pH 6.5: (2) 30 µM con-T[K7γ]; (4) 150 µM con-T[K7γ].

FIGURE 6: HPLC analyses of the equilibrium distribution of
oxidation products following mixing of C0-con-T[K7γ] and con-
T[K7γ,V17C] in the presence (b-f) or absence (g) of various metal
ions. The folding buffer was 50 mM NaBO3/100 mM NaCl, pH
8.2. The chloride salts of the indicated divalent metal ions were
used at a concentration of 20 mM. The initial concentrations of
C0-con-T[K7γ] and con-T[K7γ,V17C] were 360µM. All chro-
matograms were obtained as described in Materials and Methods.

FIGURE 7: HPLC-monitored thiol-disulfide exchange assays of
Cys-containing con-T[K7γ] variants. The disulfide-linked homo-
dimeric species, di-C0-con-T[K7γ] and di-con-T[K7γ,V17C], were
separately incubated with con-T[K7γ,V17C] and C0-con-T[K7γ],
respectively. The oxidations were carried out in 50 mM NaBO3/
100 mM NaCl, pH 8.2, and either 20 mM CaCl2 or 10 mM MgCl2.
Chromatograms represent final equilibrium product distributions.
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and the side-chain carbonyl of Gln6, as well as the malonate
head groups of Gla4 and the side-chain amide nitrogen of
Asn11. The stabilizing nature of similar types of neutral
residue-charged residue interhelical interactions has been
previously described (28). Alternatively, the higher Ca2+-
saturated helical content of con-T[K7γ] compared with con-G
(67% versus 50%) indicates a greater equilibrium distribution
of helix for the former, allowing a greater proportion of
folded peptide available for self-association. Overall, our
results confirm that Gla-containing helical peptides can be
constructed to permit reversible metal ion triggered interchain
assembly with a marked preference for antiparallel orienta-
tion. The applicability of metal ion sensitive systems of
known topology can potentially extend into the de novo
design of peptide-based metal-sensoring devices (33), tags
for purification (34), and vehicles for drug delivery (35).
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