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ABSTRACT:. Conantokins are short (27 amino acid residuesy-carboxyglutamate (Gla)-rich peptide
components of the venoms of marine snails of the gebmisus They display high apo and/or &€a

induced helicity and act as potent and selective inhibitors oRtheethyl-D-aspartate receptor (NMDAR).

We have previously established that one of the conantokins, conantokin-G (con-G), self-associates in the
presence of Ca 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
Ca" coordination between the following residue pairings: &Mal*, Gla’-Glal?, Glal®-Gla’”, and
Gla*-Gla®. 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
Cat-triggered self-assembly. In the present study, sedimentation equilibrium ultracentrifugation is employed
to demonstrate that a single amino acid replacement analogue of con-T, cop}T@sgumes a dimeric
superstructure in the presence of?Cat pH values consistent with the ionization of Gla carboxylate
groups. Furthermore, HPLC-monitored thialisulfide 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 interchaif"@aordination in con-T[K?] 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 the venom ofConus geographusself-associates in the
coiled-coil domainsi—3), four-helix bundles4), membrane- presence of Cd to form a helical dimer with an antiparallel
spanning helical bundle&), or EF hands&), are important  orientation {4). To our knowledge, con-G is the smallest
to the structural organization and function of numerous naturally occurring peptide to undergo metal ion mediated
proteins. In engineered proteins or peptides, a firm under- self-assembly. This superstructure is also unusual in the realm
standing of the noncovalent forces that influence such folding of helix—helix interactions because the bulk of the binding
patterns is necessary for the successful incorporation andenergy associated with subunit association appears to derive
manipulation of desired superstructural motifs. In several from interhelical Gla-C&" coordination, rather than hydro-
natural proteins and model peptide systems, metal ions camphobic interactions. On the basis of sedimentation equilib-
aid in the formation of coiled coils and helical bundles rium results obtained with individual Gla replacement
through stabilization of preexisting folded components into analogues of con-G, we have identified the following Gla
superstructures 7¢9) or by directing the folding and  residues as interhelical €acoordination partners: Gla
subsequent assembly of polypeptide chalis(13). In both Gla4, Gla—Glal%, Glal>—-Gla”, and Gla*—Gla’. A second
categories, while cooperative metal ion coordination among member of the conantokin family, conantokin-T (con-T;
subunits initiates oligomerization and/or guides relative chain GEyyYQKML yNLRyYAEVKKNA-NH ») from Conus tulipa

orientation, hydrophobic interactions at the interchain inter- (15), shares sequence identity with con-G at eight sequence
face remain the predominant forces that drive and stabilize positions, including the four positions occupied by Gla

complex formation. _ _ residues. Aside from these similarities, conspicuous primary
Recently, we have found that synthetic conantokin-G (con- sequence differences exist between the two peptides, namely,
G).! a 17-residuey-carboxyglutamate (Gla;)-rich neuro- length (con-T is four residues longer than con-G) and the

active peptide (GiyLQyNQyLIRyKSN-NH;,) derived from  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 Circular Dichroism.CD spectra were recorded between

7, which is Gla in con-G and Lys in con-T. The two peptides

195 and 260 nm on an AVIV Model 202SF spectrometer as

also have pronounced secondary structural characteristicsdetailed earlier 14).

Con-G exhibits minimal structure in its metal-free form, yet

Isothermal Titration Calorimetry (ITC).The binding

assumes pronounced, end-to-end helicity in the presence ofsotherms of metal ions to con-T and con-T[{7were

divalent metal cationslg—20). In contrast, con-T is highly

determined at 28C on a VP-ITC microcalorimeter (Micro-

helical in the absence of metal ions as well as in metal ion Cal, Inc., Northampton, MA) using procedures similar to

loaded form {6, 17, 21). Con-T also displays greater affinity
for C&" and Mg+ compared with con-G16, 22). These

those described previousl§4). Peptides were dissolved in
10 mM Na-Mes, 100 mM NaCl, pH 6.5, for a final

differing properties can, in part, be ascribed to the nature of concentration in the reaction cell of 68:8.5 mM. Titrant
the residue occupying sequence position 7. For apo-con-G,solution consisting of Caglor MgCl, (ca. 15 mM), in

the presence of Glantroduces a continuum of daf i + 3,
andi, i + 4 electrostatic repulsions, obviating helix formation

matching Mes buffer, was delivered at 200 s intervals. For
each experiment, the heats of Cadi MgCl, dilution were

whereas, in the case of con-T, a Lys at position 7 facilitates determined in the absence of peptide and subtracted from
helix-stabilizing side-chain interactions, viz., those between the total heat changes observed. Corrected titration curves

Gla® and Lyg, Gl and Lyg, and Lys and Gl&° (17, 21).

were deconvoluted for the best fit model using the ORIGIN

Pertinent to the present study, another salient differencefor ITC software package supplied by MicroCal.
between the two peptides includes the observation that con- Analytical UltracentrifugationSedimentation equilibrium
T, unlike con-G, does not self-associate in the presence ofexperiments were performed with on a Beckman Optima

C&" (14). This incongruity is addressed herein by examining

XL-I analytical ultracentrifuge (Palo Alto, CA) equipped with

the relationship of Gla arrangement, with emphasis on an An-60 Ti rotor. All peptides were dissolved in 10 mM
sequence position 7, to the associative tendencies of con-T-sodium borate/100 mM NaCl buffer at pH 6.5 or pH 8.0

based peptides.

MATERIALS AND METHODS
Peptide Synthesis, Purification, and Characterizatidhe

(with the exception of the pH-dependence experiment) at a
concentration of 15@M, and introduced into standard two-
channel cells. The peptide samples in the absence and
presence of the indicated divalent metal ion (chloride salt)

methods for synthesis, purification, and characterization of were independently rotated at 32000 and 45000 or 52000
non-Cys- and reduced Cys-containing peptides, as well asrpm at 20°C for 25 h. Absorbance monitoring was performed

the oxidative formation of the disulfide-linked homostranded
peptides (di-&con-T[K7y] and di-con-T[K%,V17C]) and
the heterostranded specie$&;®n-T[K7y]/con-T[K7y,V17C],
were similar to those previously describedty,
Determination of Peptide Strand Orientatiorstrand
orientation preference was determined using con-y[\Z7C]
and C-con-T[K7y]. Typically, a 1:1 molar ratio of con-
T[K7y,V17C] and C-con-T[K7y] 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 NaBO
100 mM NaCl, pH 8.2). The progress of the oxidation was
monitored by analytical reverse-phase HPLC as follows:
Volumes of 20uL were injected onto an HPLC equipped
with a Vydac Gg column (218TP, 4.6 mmx 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 £35% 0.1% TFA/CH-

at 275 nm. The apparent molecular weight (M) 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[K{7
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 Lyswith Gla Results in C&-Induced
Self-Assembly of Con-The primary sequences of con-T
and related peptides relevant to this study, as well as their
o-helical heptad repeat assignments-gaor d—¢g'), are
shown in Figure 1. Sedimentation equilibrium, CD, and ITC
data for con-T and con-T[K7] in the presence or absence

CN was implemented to elute the peptides. The absorbencyof Cat and Mg ™" are listed in Table 1. Both peptides bind
was monitored at 214 nm. Product peaks were individually Ca&* and Mg" and undergo substantial increases in helicity

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-

CPcon-T[K7y] or di-con-T[K7y/V17C]) were dissolved in
folding buffer at a concentration of 22tM. An aliquot of
reduced con-T[K¥,V17C] was added to the di%on-
T[K7y] solution. Conversely, an aliquot of reduce8&n-
T[K7y] was introduced into the di-con-T[K7V17C]. In

as a consequence, although the absolute value of the CD-
derived helical content of metal-free con-T[|{7s consider-

ably less than that of con-T (12% versus 55%), consonant
with the negligible helicity associated with apo-con-G,(

20). Oligomerization of con-T was not noted in either apo
or metal ion complexed forms. Upon replacement of ’Lys
with Gla, the resulting analogue also displayed monomeric
behavior under metal ion free conditions. However, the
apparent molecular weight (M) of con-T[K7y] (150 uM)

either case, the initial disulfide/reduced monomer molar ratio was effectively doubled from 3390 to 6660 upon addition

was 1:2. CaGlor MgCl, was immediately added for a final
concentration of 20 mM or 10 mM, respectively. Aliquots

of 20 mM C&*" (Figure 2)? Essentially identical M\,
values were obtained for the apo- and®Gkaded forms of

were removed at selected intervals and analyzed by analyticalcon-T[K7y] at peptide concentrations of 3GV, strongly
reverse-phase HPLC as described for the oxidation of thesuggesting that the dimeric complex is the largest higher

reduced peptides.

order species attainable under the cited conditions (data not
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abecde fgabed cfgab cd

con-G GEyyL5Qy NQy®LI RyKS S N-NH,
con-T GEyy YQKML y® NL Ry A% E VKK N2 A-NH,
con-TK7yl GEyy Y*Qy MLy" NL Ry A5 E VK K N A-NH,
di-C®-con-TIK7y] CGEyyY"Qy MLy® NL Ry A5 E VKKN® A-NH,

CGEyy Y Qy MLy® NLRyAS EVKKN® A-NH,
di-con-T[K7y,V17C] GEyy Y Qy MLy® NLRy A5 ECKKN® ANH,

GEyy Y"Qy MLy® NL Ry A5 EC KKN® A-NH,

abcde fpabed efgadb cde fg a
Ccon-TIK7yl/con-TIK7yV17C] CGEyyYsQy MLy® NLRyASEVKKN® A-NH,

HNAN2KKCEASyRLNyLMyQYyyEG
a g fedobagfedceobayg fedcl

Ficure 1: Primary sequences of the conantokin peptides used in the study. The positions of individual amino acids in the helical heptad
repeat are denotea—g anda' —g' (for antiparallel strands).
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Ficure 2: Sedimentation equilibrium scans (bottom panels) for con-P]JKI50 uM) in 10 mM NaBG;, 100 mM NaCl (pH 6.5) in the

(A) absence and (B) presence of Ca@20 mM). The data were collected at rotor speeds of 52000 rpm. The fitteghj@fues 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 MW, were obtained from experiments conducted at rotor speeds of 45000 rpm.

shown). The low stoichiometry of €a binding to con-
. . .

T[K7.)/]_,. ca. 3 mol OT Cé4 /mOI. of pept!de, dl.scoums the Self-Associative Properties of Con-T and Con-T{{7

possibility that the increase in M\, is attributable to : : : — y

complexed C% . As previously found for con-Gl4), other peptide  metalioh %heli’ MWaps n?  Ka®uM)

alkaline-earth metal ions, including Baand St*, also con-T none 55 3160

Table 1: Metal lon Effects on the Secondary Structure and

induce the self-assembly of con-T[IKl However, neither f\:ﬂaz; > ey o8 A
Mg?*, Zr?t, nor Mr?t facilitates association, despite the g )
higher content ofx-helix in these metal ion/peptide com-  €on-TIK7™] ~ none 12 3390
ca* 67 6660 2.8 120
plexes compared to €abound con-T[K7] (Table 1). The Mg2* 74 3330 16 18
MW o, Values of the Gla-deficient con-T analogues, con- Zn?t 72 3750
pp
T[K7y,y3A], con-T[y10A], and con-T{14A], were also l\/lni+ 70 3700
determined in the absence and presence &f.Qaall cases, g;i 29 10089

only monomeric MW, values were noted for these peptides : — :
aFor both CD and analytical ultracentrifugation experiments, the

(data not listed). ! .
" metal ion concentrations employed were 20 mM fot'CMg?t, B,

The dEp_end_ence of the My O_f COO'T[KW] on C& and St" and 5 mM for Z#+ and Mr?*. In all cases, the chloride salts
concentration is clearly shown in Figure 3A. The 5C  \ere used® Percentage of helix was determined from CD measure-
ments as described earlidi§]. ¢ Values for MW, were derived from
2 to 4 separate sedimentation equilibrium analyses. In all cases the

2 The calculated sequence-based apo monomeric MW for conyT[K7 : - - o d
= 2724. While the MW, determined from sedimentation equilibrium ~ €TOr estimate for replicate experiments wag%.  Values forn
of metal-free, presumably monomeric, con-Ti{7s higher than the ~ (Stoichiometry of metal ion binding) arid, were determined by ITC
calculated value, the random distribution of residuals attending the fit as indicated in Materials and Method€Excerpted from a previously
to a single ideal species, as shown in Figure 2A, is a reliable indicator published study22).
of monomeric solution behavior. The disparity in calculated versus

experimental MW may, in part, reside with the artificially high partial ; ; ; TSN
specific volume of 0.711 mL/g assigned to the con-TjK/Because associated with the Ca-assisted transition is 0.45 mM. The

the partial specific volume of Gla has not been reported, we assigned MWappat the plateau (6750) corresponds to the dimeric value.
to it the Glu value of 0.66 mL/g. This is almost certainly an overestimate The ability of Mg?"™ to displace C& as an intra- but not an
when considering that the additional carboxylate in the Gla side chain jntermolecular ligand is also presented in Figure 2A. The

should effectively lower the partial specific volume relative to Glu. or . : L
When the high percentage of Gla in con-TjHTs considered, the effect ~ ECso Of Mg=" for reversal of the Cd-mediated dimerization

of incorporating an incorrect partial specific volume for Gla can lead iS 0.28 mM. Thus, while Mg binds con-T[K%] more
to a significant overestimate of M\ The same rationale can also be  tightly than C&", it cannot support interchain association.
extended to the discrepancy in the experimentally determined versus The self-association of con-T[KTin the presence of Ca

sequence-based MW for con-T. These discrepancies notwithstanding, L . .
we emphasize that the relative My values strongly argue for a &S0 exhibits pH dependence. As shown in Figure 3B, con-

monomer-dimer equilibrium. T[K7y] displays a monomeric M\jj,at pH 3.5, despite the
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Ficure 3: Effects of divalent ion concentration and pH on the Myéf con-T[K7y] as determined by sedimentation equilibrium. Peptide
concentration in all cases was 181. (A) The effect of CaCGl (O) on the self-association of con-T[KJin 10 mM NaBG;, 100 mM
NaCl, pH 6.5; the effect of MgGI(®) on the monomerdimer equilibrium of con-T[K?] in 10 mM NaBQG;, 100 mM NaCl, 20 mM
CaCl, 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, MWy = (MW gppmaxyx M2")/(ECso + M2%), where M is either C&" or Mg?" and EG is the metal ion concentration
at which half of the sites involved in dimerization are occupied. (B) The influence of pH on conyTffigomerization in the ©) absence
and @) presence of Cd (20 mm). Peptide was dissolved in 100 mM NaCl. The pH was adjusted by the additioN ®laOH or HCI.
The data for the Cd-containing titration were fitted to the logistic equation: MMW= MW gpp(nitialy T (MW appmax)y = MW appgnitian)/(1 +
10pHmid—pH) “where phkig is the midpoint of the transition from monomeric (MWnitay) to dimeric (MWappmax) Molecular weight.

presence of 20 mM Ca. With each incremental pH increase, concentration of peptide (1%fM) is clearly more refractory
an increasing amount of con-T[KY association occurs, to unfolding than the more dilute (3@0M) sample.
suggesting that the formation of the higher order species Helical Strand Orientation in Con-T[Ki7]/Ca?". In order
relies on the ionization of one or more acidic side chains, to determine the relative strand alignment, i.e., parallel or
which include Glg, GIu%, and Gla residues 3, 4, 7, 10, 14. antiparallel, of the CH-loaded con-T[K7] dimer, we
A fit of the limited data for the pH-induced dimerization designed two Cys-containing con-T[lK]/variants as fol-
provided a pH midpoint of 5.1. The ratio of molar ellipticities lows: con-T[K%,V17C] which contains a Cys substitution
at 222 and 208 nm @22]/[ O2d) is also C&*- and pH- at the C-terminal Vaf, and C-con-T[K7y], in which a Cys
dependent (Figure 4). At €aconcentrations of 5 mM and  residue precedes the N-terminal Gly. Because our initial
higher, and at pH values of 5 and above, tfe}]/[ ©20d model of the con-T[K?] helical dimer consisted of a Gla
ratio is greater than 1. Though not an uncontestable indicatorcore (designated as positioagndd in the heptad template)
of supercoiling 23), a [0224/[ @204 ratio of greater than 1  involving Gla residues 3, 7, 10, and 14, the placement of
is generally regarded as diagnostic of coiled-coil structure, Cys in each variant also occurs at positiaror d in the
and perhaps other interacting helic2d, 25). The inflection heptad repeat (Figure 1). Using the two Cys-containing
points for the CD-monitored G& and pH titrations cor-  variants, the preference for relative helix orientation was
respond to 0.70 mM and 4.40 pH units, respectively. These assessed by examining relative amounts of oxidized product
values, similar to those extracted from the data in Figure 3, (26—28). The distribution of products resulting from co-
imply that an increase in peptide helicity is coincident with incubation of C-con-T[K7y] and con-T[K%/,V17C] in the
the self-association event. absence and presence of various metal ions is shown in the
When examined at different €aconcentrations, the CD-  series of chromatograms in Figure 6. With*Caresent,
monitored temperature dependence of the band intensitieshe main oxidative product is the “antiparallel” heterodimer
of con-T[K7y] at 208 and 222 nm is markedly different (C°-con-T[K7y]/con-T[K7y,V17C]) which predominates over
(Figure 5A). At low C&" levels (0.2 mM), where the the homostranded products, di-€on-T[K7y] and di-con-
monomeric form of the peptide prevails, the intensities of T[K7y,V17C], at a ratio of 17:4:1. Among the other metal
the minima at 208 and 222 nm decrease in a nearly parallelions tested, St partly mimics the action of Ca while
manner with increasing temperature. However, for the Mg?", B&*, and Mrf" are far less effective at directing the
melting curve conducted at high €aconcentration (20  formation of a specific disulfide-bonded species. In the
mM), a steeper temperature-dependent decrease in bangresence of Mg, for example, the ratio of heterodimer, di-
intensity at 222 nm versus 208 nm is observed. This is C%-con-T[K7y], and di-con-T[K%,V17C] is ca. 3:3:1. In the
consistent with the presence of interacting helices for which absence of any metal ion or in the presence of metal ions
the change at 222 nm reflects strand dissociation as well asother than C#, the final oxidation product distribution was
monomeric helix unfolding, whereas the ellipticity at 208 attained after ca. 4 h, while heterodimer formation in the
nm only reports monomer unfolding. An examination of the presence of Cd was completed in less than 30 min. These
effect of guanidine-HCI on peptide denaturation at different time course results indicate that, in®acontaining folding
con-T[K7y] concentrations also reinforces the existence of buffer, the “"antiparallel” heterostranded species is both
reversible peptide oligomerization under saturating*Ca kinetically and thermodynamically favored.
conditions (Figure 5B). As is consistent with a concentration-  The preference of antiparallel helix orientation is further
imposed shift in the monomedimer equilibrium, the higher  supported by the results of related thialisulfide exchange
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10000~ Extrapolating to the reversibly associating system, we
- (A) conclude that the Ca-triggered self-assembly of con-T[KY
into a dimeric superstructure occurs with antiparallel strand

0+ go. r orientation.

DISCUSSION

Hfi

-10000+ g ou

[6]222/[©] 208

We have previously found that the Taassisted self-
oo - ' association of the naturally occurring conantokin peptide,
-200004 ﬁ 0T 15 15 20 con-G, appears contingent upon ani“+ 4,i +7,i + 11”

[Ca™ (ml) arrangement of Gla residuel4j. Broadly speaking, the con-

[©] (degree cm? dmol'1)

200 250 2"10 2é0 G/C&" complex is a dimeric gssgmbly of highly hgllcgl
strands, but the driving force directing the self-organization
Wavelength (nm) is distinguished from canonical coiled coils and helical
bundles insofar as it appears to originate and be maintained
(B) by electrostatics rather than hydrophobic effects. Con-T is

0 also a member of the conantokin peptide family and displays
3 & biological activity similar to that of con-G, namely, inhibiting

5000~

-5000+ % ion flow through the NMDAR 15), yet con-T is unable to

. oo:aﬂ . self-associate in the presence offGa4, 22). To establish
: DLW the contributions of Gla placement in mediating self-
B oo o association in the conantokins, we have evaluated the metal

[0]222/[©] 20

+150007 oo® ion induced oligomeric tendencies of con-T[{7a peptide

L that bears homology to con-G with respect to the primary
NV sequence location of Gla residues.

T T T T T T T From sedimentation equilibrium analyses, we have dem-

200 220 240 260 onstrated that the single amino acid substitution of £ys
Wavelength (nm) Gla at sequence position 7 in con-T is sufficient to yield a

FIGURE 4. CD-monitored C& and pH titrations of con-T[K¥]. species that can form a complete, stable dimer in the presence

(A) Representative wavelength scans from the titration of 4180 of 20 mM C&* (Table 1). Our microcalorimetric data has

(Cgi‘bT['njliAV]c"g?'T Ei)a)clb o '(\':)B?é ey nC“\a/?LN?I:C!)I’z%Hn?Ii/?: revealed that con-T[Ki7] has a higher C& binding stoi-

Ca". Inset: The ratio of molar ’ellipticities at 222 and 208 nm as Ch'?rmetry (Ca}' 3 mol of C&t/mol of monomer or 6 mol of

a function of added Ca for the full complement of points ~ Cé&*/mol of dimer) compared to con-T (ca. 1 mol of A

employed in the titration. An E& for C&" of 0.71 mM was mol of peptide). This multiple G4 binding was best fit to

obtaine(_j from a nonlin_ear regr_ession analy_sis Qf the data dESCi’ibedan equiva|ent sites model, indicating that no discernible

by the simple hyperbolic equation for one-site binding, as described cooperativity is involved in the Ga-mediated dimerization

in the caption to Figure 3. (B) Representative wavelength scans . .
from the pH titration of 15&M con-T[K7y]. Peptide was dissolved of con-T[K7y]. Furthermore, the covalent trapping of oxi-

in 100 mM NaCl, 20 mM CaGland adjusted for the desired pH  datively folded Cys-containing con-T[KT products, as
using 1 N HCl or NaOH: Q) pH 3.0; @) pH 4.5; () pH 5.0; @) presented in Figures 5 and 6, highlights the preference for
gsH:i?Jh 'Criisoentoirhﬁi igtri?h%ff’l‘iilogrs”igiifgiﬁso?t az\?aﬁjn:s i%i(;‘m antiparallel strand orientation in the €ebound dimeric state.
the titration. Datg were fit to the Iogri)stic equatign, as described in These propertlgs of @COH'T[K?V] effectively mimic thos;e
the caption to Figure 3. of con-G (L4), implying that the mere replacement of 'ys
with Gla is adequate not only for introducing multiple
experiments 29, 30) in which the homodimeric disulfides  binding sites for C& but also for inducing the multiple
were individually incubated with €con-T[K7y] and con- interchain metal ion coordinations that support the dimeric
T[K7y,V17C] (Figure 7). Beginning with con-T[K7V17C] complex. However, the NMDAR inhibitory activity of con-
and di-C-con-T[K7y] in a 2:1 molar ratio in the presence T[K7y] is 5-fold reduced relative to con-@J), suggesting
of C&", the heterodimeric product is the prevalent species that the presence of a Gla at sequence position 7 in the con-T
at equilibrium. However, with Mg present in this folding context does not permit the recapitulation of con-G-like
buffer, formation of the heterostrand is minimal. The functional properties. A model for the €abridged con-
heterodimer also formed, albeit not completely, in the T[K7y] dimer, similar to that proposed for con-G4), is
complement experiment in which®€on-T[K7y] and di- presented in Figure 8. Residue placement is based on the
con-T[K7y,V17C] were the initial reactants. These data NMR-derived structures of the apo- and’Géoaded forms
indicate that the homostranded peptides are not the mostof con-T, in which Gla residues 3, 10, and 14 (and
stable disulfide products, and will exchange with reduced presumably Glaof the variant) reside on the same face of
peptide to form the heterostranded species. In addition, inthe helix, in a nearly linear arrayL 7, 21). This schematic is
the presence of Cg, the heterodimer is completely resistant consistent with both antiparallel strand alignment and a
to scrambling upon the introduction of>€on-T[K7y] or stoichiometry of 6 mol of C&/mol of dimer (assuming that
con-T[K7y,V17C] (data not shown), further underscoring the four C&* ions bridge the dimer interface and that each strand
Ca'-linked stability of this species. These results conclu- binds an additional Ga at sites outside the core, possibly
sively demonstrate that, in &acontaining buffer, the  at Gl& (14)). In this helical assembly, Gla residues 3, 7, 10,
heterodimeric peptide is more stable than either homodimer.and 14, located at threandd helical wheel positions of one

[©] (degree cm? dmol'1)

-25000
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Ficure 5: CD-monitored thermal and guanidine-HCI denaturations of con-F[K@) Thermal melts of peptide (15AM in 10 mM

NaBQO;, 100 mM NaCl, pH 6.5) followed at 208 and 222 nm at low and hig*@ancentrations: @) 208 nm, 0.2 mM CaG| (®) 222

nm, 0.2 mM CadJ; (m) 208 nm, 20 mM CaGl (O) 222 nm, 20 mM CaGl (B) The ratio of molar ellipticities of peptide at 222 nm in the
presence®] and absenced] of guanidine-HCI were determined at the indicated guanidine-HCI concentrations. Experiments were conducted
at 25°C in 10 mM NaBQ, 100 mM NaCl, 20 mM CaG| pH 6.5: @) 30 uM con-T[K7y]; (a) 150 uM con-T[K7y].

I\ g (buffer)

di-con-T(KT7,7¥17C]

£ (Mn®)

A e (Mg™)

di-C9-con-T[K77]
/

AN

" — % con-T[K77)/
kron-T[K?ﬁ‘,VﬂC]

¢ (517

b (Ca*)

a (initial)

Ficure 6: HPLC analyses of the equilibrium distribution of

35 40 45
Retention time (min)

oxidation products following mixing of €con-T[K7y] and con-
T[K7y,V17C] in the presence k) or absence (g) of various metal

ions. The folding

buffer was 50 mM NaB0100 mM NacCl, pH

CP%con-T[K?7y] and con-T[K%,V17C] were 360uM. All chro-

matograms were obtained as described in Materials and Methods.

calcium ions) with Gla residues 1410, 7', and 3,
respectively, of the complementary chain. Interchain interac- containing species3g).
tions are not supported by Mg Zr?*, nor Mr?™ despite

to C&". In fact, as shown in Figure 3A, the €amediated
dimeric complex can be collapsed through addition ofMg
This not only implies that the dimerization attending?Ca
binding is incumbent upon proper geometry in the metal
ligand interactions but also suggests that con-T[Kmay
find utility as a selective and reversible €aensor.

It should be noted that, as seen with coni@)( SP* and
Ba?* also promote the oligomerization of con-T[K]7 The
oxidation product distributions in Figure 7 indicate a dimer contentof con-G is 0.484), whereas con-T[Ky] is
pronounced bias for antiparallel strand assembly in the fully dimeric.) This may be attributable to stabilizing
hydrogen bonding contacts between the guanidinium of3Arg

presence of 3f,

but not in the case of the Bafacilitated

— con-T[K77,V17C]

_ di-C%-con-T[K77]
e,

— CP-con-T[K7Y)/
con-T[K77,V17C)

C0-con-T[K77] / c(a+ Mg, final)

di-con-T[K77,V17C]- d

CP-con-T[K7 7]/
conTIR77,V17C] ~ M\ \ e+ ca®, final)

a

b (a+ Ca”, final)

30 35 40

45

Retention time (min)

Ficure 7: HPLC-monitored thiotdisulfide exchange assays of
Cys-containing con-T[K¥] variants. The disulfide-linked homo-
dimeric species, di-€con-T[K7y] and di-con-T[K%,V17C], were
separately incubated with con-T[KA/17C] and C-con-T[K7y],

8.2. The chloride salts of the indicated divalent metal ions were respectively. The oxidations were carried out in 50 mM NaBO
used at a concentration of 20 mM. The initial concentrations of 100 mM NaCl, pH 8.2, and either 20 mM Ca®k 10 mM MgCb.
Chromatograms represent final equilibrium product distributions.

oxidation. For the latter ion, this may reflect a tendency to
chain, are bridged (through coordination with a total of four promote oligomerization or aggregation through general
carboxylate-Ba?* bridging, as reported for other Gla-

In conclusion, the introduction of Gla residue at position
the greater binding affinity of these species for the conan- 7 in con-T is essential to form a relay of four Gla residues
tokins and their ability to induce high helix content relative spaced ati;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 repulsioi?, 18).

Despite identical Gla

residue placement in con-T[KT and con-G, the former is
more thermally stable and dimerizes to a higher extent than
con-G under identical solution conditions. (The fractional



C&'-Triggered Conantokin Dimerization

Ficure 8: Helical wheel representation of the cross-sectional heptad
repeats of two con-T[Ky] strands aligned in antiparallel orientation
as mediated by Ga. The directions of chain propagation are
opposite: For chain 1 (left), the N-terminus is closest to the viewer;
for chain 2 (right), the C-terminus is closest to the viewer.’Gla
and Gl&* of chain 1 occupy position, while Gl& and GIad° reside

at positiond. These residues pack against thenda’ residues of
chain 2, forming the metal ion chelating core at the dimer interface.
Interstrand Gla chelation pairs bridged by fourrCins arey3—

V14J, 77_7101 ylo_VW, V14_73,-

and the side-chain carbony! of GJras well as the malonate
head groups of Gfaand the side-chain amide nitrogen of
Asntl. The stabilizing nature of similar types of neutral
residue-charged residue interhelical interactions has been
previously described2@). Alternatively, the higher Ca-
saturated helical content of con-T[i{/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 devig8y (ags

for purification (34), and vehicles for drug deliverd).
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