3338 Biochemistry2007,46, 3338-3355

Protein Folding Determinants: Structural Features Determining Alternative
Disulfide Pairing ino- andy/A-Conotoxing*

Tse Siang Kang,Zoran Radi¢’ Todd T. Talley; Seetharama D. S. Jdi§,Palmer Taylof, and
R. Manjunatha Kini#®

Protein Science Laboratory, Department of Biological Sciences, and Department of Pharmacy, Faculty of Science, National
University of Singapore, Singapore 117 543, Department of Pharmacology, Skaggs School of Pharmacy & Pharmaceutical
Sciences, Unkersity of California at San Diego, La Jolla, California 92093, and Department of Biochemistry, Medical College
of Virginia, Virginia Commonwealth Unersity, Richmond, Virginia 13298

Receied September 21, 2006; Rged Manuscript Receéd December 1, 2006

ABSTRACT. a-Conotoxins isolated fronConusvenoms contain 1319 residues and preferentially fold

into the globular conformation that possesses a specific disulfide pairing pattery Gz-4). We and

others isolated a new family gf-conotoxins (also called conotoxins) with the conserved cysteine
framework of a-conotoxins but with alternative disulfide pairing 1(G, C,—3) resulting in the ribbon
conformation. In both families, disulfide pairing and hence folding are important for their biological potency.
By comparing the structural differences, we identified potential structural determinants responsible for
the folding tendencies of these conotoxins. We examined the role of conserved proline in the first
intercysteine loop and the conserved C-terminal amide on folding patterns of synthetic analogues of Iml
conotoxin by comparing the isoforms with the regiospecifically synthesized conformers. Deamidation at
the C-terminus and substitution of proline in the first intercysteine loop switch the folding pattern from
the globular form ofx-conotoxins to the ribbon form gffA-conotoxins. The findings are corroborated by
reciprocal folding of CMrVIAy/A-conotoxins. Substitution of Lys-6 from the first intercysteine loop of
CMrVIA conotoxin with proline, as well as the inclusion of an amidated C-terminal shifted the folding
preference of CMrVIA conotoxin from its native ribbon conformation toward the globular conformation.
Binding assays of Iml conotoxin analogues witplysiaandBulinusacetylcholine binding protein indicate

that both these substitutions and their consequent conformational change substantially impact the binding
affinity of Iml conotoxin. These results strongly indicate that the first intercysteine loop proline and
C-terminal amidation act as conformational switchesiirand y/A-conotoxins.

The venoms of marine predatory cone snails contain nents of theConusvenom (). These peptides, collectively
cocktails of pharmacologically active peptides. Th€saus named as conotoxins, form compact and well-ordered three-
peptides are broadly classified into two groups: (a) possess-dimensional (3D) structures through the formation of two
ing a single or no disulfide bridge and (b) having multiple or more disulfide bridges among the short sequence length
disulfide bridges. The latter group forms the major compo- of 10—30 amino acid residued £ 3). So far, an extensive
listing of conotoxins have been purified and characterized.
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cysteine pairing (€3, Co—4). In contrast, the two non-native tively), the protein family of which structures ofconotoxins
forms (which suffer at least a 10-fold reduction in biological at their binding sites have been reportd®, (14). In turn,
activity) are not found in natured. by substituting proline into the first intercysteine loop of
To determine the contribution of the side chains toward CMrVIA y/i-conotoxin, we show that the native ribbon
the formation of the globular conformation, Zhang and conformation of CMrVIA conotoxin reciprocally folds into
Snyder studied the effect of alanine substitution on severalits non-native globular form.
conserved residues in the 3i5conotoxin Gl §). However,
substitution with alanine, either singly or in combination, MATERIALS AND METHODS
failed to result in the total conformational switch from the
native conformation to either of the two non-native forms.
Substitutions included proline and glycine that are likely to
induce a kink or flexibility in the sequence and often dictate
folding patterns @, 7). The influence of the number of
residues within the intercysteine loops was also examined
by changing the position of the third cysteine residue in the

peptide sequence. The authors concluded that-fmnotoxin plied Biosystems Asia Pte Ltd (Foster City, CA). Fmoc-

sequences with intercysteine loops comprising less than five . . N
residues number rather than type of residues was more crltlcaICyS(Tr.t) OPfp amino acid der|vat|ye was purchased from
s C : Novabiochem (San Diego, California). Vydac C18 90 A (4.6
for achieving a globular conformation; loops with an even .
; x 250 mm) column and Jupiter 300:56C18 300 A (10x

number of residues appeared to favor the globular conforma- . .
. ' ; 250 mm) semipreparative column were purchased from
tion (5). However, this rule does not appear applicable to . o

) : . . Grace Vydac (Hesperia, California), and Phenomenex (Tor-
the different subclasses of-conotoxin, especially in the N . s )
rediction of the globular versus the ribbon conformations "< California), respectively. 1,2-Ethanedithiol and thio-
b 9 anisole were obtained from Fluka/Riedel-de"HgS&igma

(8)I§ecentl several aroups discovered a new familv of Aldrich, St. Louis, Missouri). All other chemicals and
Y group y reagents used were of analytical grade.

conotoxins: y-conotoxins (orA-conotoxin) ©—11). This Peptide Svnthesi d Ch i atioR f
novel class of conotoxins possesses the conserved arrange- - ePtide Synthesis an aracterizatioRor ease o

; ; ; i tive Imlo-conotoxin and CMrVIA y/A-
ment of quadruple cysteines @asconotoxins. However, their comparison, na . X
native cysteine pairing is unique as they exhibit a ribbon conotoxin shall be referred as Iml P6 Amide and CMrVIA

(Ci-4, Cyo—3) conformation instead of the usual globular K6 Acid, respe'ctively. Excep.t for CMrVIA P6 Amide "%”d
structure seen im-conotoxins. The mechanism of neuro- CMIVIA P6 Acid variants which were custom synthesized

toxicity induced by they/A-conotoxins is also distinct from by Mimt_)topes (Melbourne, Aus_tralia), analogues of Iml
that of a-conotoxins L0). As in the case ofi-conotoxins, ~ conotoxin and CMrVIA conotoxin (Table 2) were chem-

the native cysteine pairing and consequent conformation have'f:ally synthegzed on an ABI Pioneer model 433A Pep-
also been shown to be important for the biological activity tide s_ynthe3|zer using 9-fluorenylmethoxycarbonyl (Fmoc)
of y/A-conotoxins: the non-native globular isoform gf.- chemistry. _ _ _
conotoxin CMrVIA displays a lower potency of three orders ~ The amino acid residues were coupled usiOg(7-
in magnitude in the induction of seizures in mi&. (These azabenzotnazol-l—_yl)—l,1,3,—3-tetrarr_1ethy|ummgm hexafluo-
findings underscore the crucial role of disulfide linkages and "ophosphatel,N-diisopropylethylamine for in situ neutral-
conformation for the biological potencies of these peptides. iZation chemistry. Peptides with C-terminal amidation were
However, the structural features governing the disulfide Synthesized using Fmoc-PAL-PS (5-(aminomethyl-3,5-
pattern and attendant conformational differences are still dimethoxy-phenoxy) valeric acid linker) support, while
unclear. variants with a free carboxyl terminal were assembled on a
The discovery ofy/A-conotoxins lends insights into the Preloaded Fmoe-Cys(Trt)-PEG-PS (4-hydroxymethylphe-
structural features that are critical for the differing folding Noxyacetic acid linker) support resin.
patterns of these two families 6fonuspeptides. To delineate Selective deprotection involving orthogonal side chain
structural determinants responsible for the shift in folding protection of the four cysteine residues generated specific
tendency, we systematically analyzed the structural differ- Cysteine pairings in the formation of the two disulfide bridges
ences between-conotoxins ang/A-conotoxins. Herein we (9). Cysteine pairs involved in the formation of the first and
describe the contribution of the proline residue in the first second disulfide bridge were protected using S-trityl and
intercysteine loop in affecting the folding pattern in repre- S-acetamidomethyl protection groups respectively. Peptides
sentative members of these families of conotoxins. By designed for folding and oxidation studies were synthesized
examining further variants, we also confirm our earlier With all four cysteine residues protected with an S-trityl group
finding on the effect of C-terminal amidation on the folding followed by its removal in the resin cleavage step.
pattern of Imla-conotoxin (2). By using synthetic conge- The assembled peptides were cleaved from the resin by
ners of Iml conotoxin and parallel NMR studies of the incubating with cleavage cocktail comprising of TFA/1,2-
various folded forms, we show that these structural deter- ethanedithiol/thioanisole/water (90:4:4:2% v/v) for 2 h. The
minants, individually and in combination, shift the pattern crude peptides were then purified using a Jupiter 300:A 5
toward the globular conformation. These structural changesC18 (10x 250 mm) semipreparative column on aKPA
of various Iml conotoxin analogues are correlated with their purifier system. Molecular masses were ascertained by
ability to bind toAplysiaandBulinusacetylcholine binding electrospray ionization mass spectrometry (ESI-MS) on a
proteins (abbreviated as A-AChBP and B-AChBP, respec- Perkin-Elmer Sciex API Il Triple-stage Quadrupole system.

Materials Standard Fmoc-amino acid hydroxyl deriva-
tives, Fmoce-Cys(Trt)-PEG-PS (polyethylene glycol-poly-
styrene) support resin, Fmoc-PAL-PS support rekijN-
dimethylformamide (DMF), trifluoroacetic acid (TFA), 20%
piperidine in DMF,O-(7-azabenzotriazol-1-yl)-1,1,3,-3-tet-
ramethyluronium hexafluorophosphate (HATU), aNdN-
diisopropylethylamine (DIPEA) were purchased from Ap-
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lodine Oxidation Peptide variants with the desired re- experiments16) were conducted at 300 ms. All 2D NMR
giospecifically synthesized disulfide linkage were generated spectra were acquired on a Bar AVANCE DRX 500 MHz
by means of a two-step oxidation process through selectivespectrometer with GRASP-II facility, with BVT 3000 control
deprotection. The first disulfide bond was formed between unit, maintaining the temperature withitt0.1 K. Water
the two S-trityl protected cysteine residues which were suppression in the 2D spectra was achieved using a modified
deprotected during the cleavage step. This oxidation waswatergate sequencé®), and spectra were acquired using
achieved by stirring 0.1 mg/mL of peptide solution in 0.1 time proportional phase incrementation. Spectra were ac-
M NH4HCG; (pH 8.5) in air. Complete oxidation of the first  quired with 2048 and 512 data points in F2 and F1
disulfide bridge was confirmed by the reduction of two mass respectively, multiplied with squared sine bell window
units as determined with ESI-MS. functions shifted by 99 before zero-filling to 2048 by 1024
The second pair of cysteines with S-acetamidomethyl data points. The spectra were then processed on Silicon
groups was deprotected and concomitantly oxidized by Graphics Fuel Workstation using Bar XWIN—NMR
adding 0.1 M } solution to a deaerated solution containing software or Mestre-C: 4.5.9.1 software on Microsoft
0.1 mM peptide (10 equiv/ACM) in acetonitrile/TFA/water Windows platform.
(20:2:78% v/v) and stirred vigorously under nitrogen blanket ~ Molecular Modeling Molecular modeling studies were
for 5 min before quenching witl M ascorbic acid dropwise  carried out using Insightll 2000 software (Accelrys Inc., San
until the solution becomes colorless. The crude peptides wereDiego, CA) on an Origin 2000 Silicon Graphics computer,
purified to >90% purity by semipreparative reverse-phase using consistent valence force field (Cvff) in the calculations.
HPLC (data not shown) and characterized by ESI-MS. The Conformational spaces consistent with the experimental ROE
observed mass for all peptides matched the theoretical masgonstraints derived from the NMR spectrum were examined
well (Supplementary Table S1, Supporting Information). The in vacuo. ROE intensities were classified as strong-1.9
purified reduced peptides were then lyophilized and stored 3.1 A), medium (1.9-3.8 A), and weak (1.95.0 A). The
at —20 °C. protons were brought to observable ROE distances using a
Oxidation/ Folding StudiesThe molecular masses and penalty force of 100 kcal mot A~2. After the initial energy
integrity of fully deprotected and reduced peptides were minimization and molecular dynamics at 300 K, the distance
verified using ESI-MS prior to oxidation studies. Oxidation/ versus time plot between the thiol groups of the four cysteine
folding studies were conducted using either glutathione redoxgroups was generated. The conformation satisfying the
system or air oxidation in the folding buffer (100 mM Tris- following condition of disulfide bridge criteria was manually
HCl and 2 mM EDTA, adjusted to pH 8.5) with or without bridged to form the two disulfide bonds. The distance
denaturant (6 M guanidium HCI). For air oxidation, 0.1 mM between two sulfur atoms after the disulfide bond formation
of peptide was dissolved in buffer solution and allowed to should be in the range of) 1.8—2.4 A and dihedral angle
stir in air for 48 h. Glutathione oxidation was performed yss = |70 — 10C°|. The conformation with the shortest
using reduced/oxidized glutathione system (0.8 mM GSSG/ distance between the two pairs of cysteines corresponding
1.6 mM GSH) incubated under nitrogen blanket for 4 h. Air to the expected conformation was manually bridged to form
oxidation will provide cleaner products with few side reaction the two disulfide bonds. Partial charges and potentials were
products, but they are not likely to represent the energetically fixed using Insightll with Cvff force field. High-temperature
favorable conformations. The glutathione redox system molecular dynamics was then performed using Insightll
provides an oxidative environment that drives oxidation of Discover module at 300 and 600 K at 10 ps, followed by
the peptides to completion, favoring the kinetically stable 900 K at 20 ps with trajectories updated every 100 fs.
conformations. However, this system is also more likely to Molecular dynamics studies were subsequently done at
result in side reaction products as compared to air oxidation decreasing temperatures from 900 to 400 K in steps of 100
(5). Oxidations in both sets of conditions were done in K before cooling to 300 K by “soaking” in an assembly of
triplicate and repeated in both folding buffer and denaturing water molecules for 20 ps (sphere radius of 8 A). At each
buffer. point of the high-temperature simulations, all peptide bonds
Oxidation reactions were quenched by adding glacial acetic (except proline residues) were held in the trans position.
acid to adjust pH to 4.0 before separation and quantification Pseudo-atom corrections were made for methyl and meth-
on a Vydac (4.6x 250 mm) 90 A C18 column5]. The ylene protons according to Wuthrich et al8|. A total of
oxidized peptides were separated using a gradient of 80%211 structures were generated, of which, the 15 frames with
acetonitrile, with either 0.1% TFA or formic acid as ion- the lowest energy levels were relaxed using steepest descent
pairing agent over 100 min. Elution of peptides was method by subjecting to 100 steps of energy minimization,
monitored by absorbance at 215 and 280 nm and quantifiedfollowed by conjugate gradient until the root-mean-square
by peak areas. derivative was less than 0.6 kcal mbA. The final structure
NMR Studies Samples for NMR spectroscopy were was then overlaid with the averaged structure of all 211
prepared in 90% kD/10% DO to concentrations of2 mM frames.
peptide before correcting its pH to 3.1 using deuterated Determination of Conotoxin*AChBP Interaction Con-
sodium hydroxide and deuterium chloride. Proton 1D spectra stants.Second-order association and first-order dissociation
were acquired at various temperatures ranging from 290 torate constantsk{, and k.s) were determined by direct
310 K, and the temperatures achieving the best resolutionmeasurements of conotoxin binding Aplysia californica
were used for the 2D experiments. All spectra acquired were acetylcholine binding protein (A-AChBP), as wellBslinus
referenced to 4,4-dimethyl-4-silapentane-1-sulfonate (DSS)truncatusacetylcholine binding protein. The stopped-flow
as the internal standard. TOCSY experimeris) (were technique was used to measure rates of quenching of intrinsic
carried out with a mixing time of 80 ms, and ROESY AChBP tryptophan fluorescence upon binding of the cono-
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Table 1: Sequence Alignment af Conotoxins,p-Conotoxin, andy-Conotoxing
Name Sequence Globular m/n* Ribbon m/n* Species Ref

4/(3-7) «-conotoxin

Epl GCCSDPRCNMNNPDYC * 512 13/4 C. episcopatus  (49)
PnlA GCCSLPPCAANNPDYC* 512 13/4 C. pennaceus (50)
PniB GCCSLPPCALSNPDYC* 512 13/4 C. pennaceus (50)
Mil GCCSNPVCHLEHSNLC* 512 13/4 C. magus (51)
El RDOCCYHPTCNMSNPQICH* 5M2 13/4 C. ermineus (52)
AUIA GCCSYPPCFATNSDYC* 512 13/4 C. aulicus (8)

AUIC GCCSYPPCFATNSGYC* 5M2 13/4 C. aulicus (8)

GIC GCCSHPACAGNNQHICH 512 13/4 C. geographus  (53)
GID IRDYCCSNPACRVNNOHVC 5112 1314 C. geographus  (19)
AnlB GGCCSHPACAANNQDYC* 512 13/4 C. anemone (47)
AUIB GCCSYPPCFATNPD C* 5/M1 12/4 C. aulicus (8)

Vei.1 GCCSDPRCNYDHEI C* 5M1 12/4 C. victoriae (54)
Iml GCCSDPRCAWR n* 5/8 9/4 C. impenialis (27)
Imil ACCSDRRCRWR n* 5/8 9/4 C. impenialis 21)
BulA GCCSTPPCAVLY  C* 59 10/4 C. bullatus (55)
OmlA GCCSHPACNVNNPHICG* 512 13/4 C. omaria (56)

3/5 o-conotoxin

MI GRCCHPA CGENYS C* 4/9 10/3 C. magus (51)
Gl ECCNPA CGRHYS C* 4/9 10/3 C. geographus (57)
GlA ECCNPA CGRHYS CGK* 4/9 10/3 C. geographus (57)
Gll ECCNPA CGEHFS C* 4/9 10/3 C. geographus (57)
] ICCNPA CGPKYS C* 4/9 10/3 C. striatus (58)
p conotoxin

TIA FNWRCCLIPACRRNHKKFC* 512 13/4 C. tulipa (1)

3 conotoxin

CMrVIA VCCGYKLCHO c 517 8/4 C. marmoreus (9:11)
CMrX GICCGVSFCYO c 57 8/4 C. marmoreus (9)
MrlA NGVCCGYELCHO | 57 8/4 C. marmoreus (10;11)
MriB VGVCCGYELCHO B 57 8/4 C. marmoreus (11)

aFour conserved cysteine residues were used to align the sequanCesotoxins are divided into the 4XJ) and 3/5 classes based on the
intercysteine spacing. The conserved C-terminal amidation seen in all (except conotoxin GID) is represented by an asterisk (*). The nagive disulfid
pairings are shown above each class of conotoxins\/#) fefers to the number of residues in the first and second intercysteine loops, respectively,
when the peptides adopt either the globular or ribbon conformation upon formation of the two disulfide bridges.

toxins at micromolar concentration®,, and ko were binding sites of AChBP. Radioactivity was measured on a
obtained by linear fit of first-order decay rates of AChBP Beckman LS 6500 liquid scintillation counter.
fluorescence, at several conotoxin concentrations. The first-
order dissociation constants were also determined by mea-RESULTS
surements of the rate of return of AChBP fluorescence in Identification of Potential Structural Determinants for
the stopped-flow apparatus upon mixing conotoxin*AChBP Folding. Table 1 shows the sequence alignment.afono-
complex with 1000-fold excess of competing ligand, gal- toxins and y/1-conotoxins. Despite the four conserved
lamine or epibatidine. cysteine residuesg-conotoxins as well as-conotoxin
Dissociation constant¥() of conotoxin*fAChBP complex  exhibit the globular conformation with1Cs, C,-4 disulfide
were also determined from the conotoxin concentration pairing while y/A-conotoxins adopt a ribbon conformation
dependence of the pseudo-first order association rate, ofwith C,—4, C,—3 disulfide pairing. A systematic analysis of
A-AChBP ligands gallamine or (5-dimethylamino-naphthalene- these sequences highlights the key differences between these
1-sulfon-amido-ethyl)-tri-methyl-ammonium. The measure- two closely related families of conotoxins: (a) Adl/p-
ments were performed in 0.1 M phosphate buffer, pH 7.0 at conotoxins (except GID conotoxii9)) are amidated at the
22 °C on a SX.18 MV stopped-flow instrument (Applied C-terminal end. C-terminal amidation is not conserved in
Photophysics). x/A-conotoxins; (b) Sequences ofconotoxins contain at
A scintillation proximity assay (SPA, Amersham Bio- least one proline residue in the first intercysteine loop. A
sciences) adapted for use in a soluble radioligand binding conserved proline is found in the penultimate position in the
assay was additionally used to determifiefor conotoxin first intercysteine loop of both 4B3(7) and 3/5 classes of
binding to A-AChBP. Increasing concentrations of cono- a-conotoxins. However, this kink-inducing residue is con-
toxins were incubated with)-epibatidine and 0.5 nM  sistently absent from the first intercysteine loop of the four
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Table 2: Folding Studies of Synthetic Peptide Variants in Oxidation Conditions

Peptide Sequence Conformation in Folding Buffer Conformation in Denaturing Buffer
Globular Ribbon Beaded Globular Ribbon Beaded
Iml P6 Amide [12] GCCSDPRCAWRC - CONH2 54.0£0.4 43.0£1.0 3.0£0.6 48.910.1 39.740.0 11.440.0
(52.140.1) (43.840.3) (4.040.2) (48.30.2) (38.0+0.4) (13.740.1)
Iml P6 Acid [12] GCCSDPRCAWRC-COOH 30.110.6 67.210.4 2.740.5 37.6x0.7 44.6x1.8 17.8+2.4
(29.440.3) (67.940.1) (2.840.2) (50.3+0.3) (39.8+1.1) (9.91.0)
Iml K6 Amide GCCSDKRCAWRC - CONH2 30.2t1.5 68.5£1.7 1.310.4 41.5£1.9 56.8+1.7 1.7£1.0
(29.4+2.8) (69.7+2.5) (0.940.3) (48.0+1.6) (52.0+1.6) (~0)
Iml K6 Acid GCCSDKRCAWRC-COOH 19.8+0.3 76.2+0.4 4.1£0.5 30.2+0.2 53.1£0.4 16.7+0.6
(20.140.8) (74.4+1.1) (5.5+0.4) (30.3£1.5) (49.943.1) (19.9+1.8)
Iml A6 Amide GCCSDARCAWRC - CONH2 27.0£1.6 70.9£1.4 2.1£0.2 29.810.1 55.0+0.8 15.2£1.0
(24.620.3) (72.420.5) (3.1%0.3) (31.1£1.2) (54.3%1.1) (14.620.2)
CMrVIA K6 Acid VCCGYKLCHO C-COOH 31.310.9 52.940.3 15.840.5 35.61£0.9 53.610.7 10.940.2
(30.840.5) (54.5+0.5) (14.740.1) (35.0+1.9) (55.840.3) 9.242.1)
CMrVIA K6 Amide VCCGYKLCHO C-CONH2 34.010.6 48.8£1.0 17.2£0.4 37.7+1.8 53.0+0.5 9.3+1.30
(36.2£1.7) (46.812.6) (17.0£0.9) (29.7£1.6) (60.3£1.9) (10.0£0.3)
CMrVIA P6 Acid VCCGYPLCHO C-COOH 82.9+0.4 3.540.3 13.6£0.4 85.610.8 7.1£0.2 7.3£0.7
(84.040.4) (3.040.1) (13.0+0.4) (87.0+1.6) (6.5£0.1) (6.51.4)
CMrVIA P6 Amide VCCGYPLCHO C-CONH2 93.1+0.7 5.3+0.7 1.5+0.1 82.0+5.6 14.7+4.8 3.3+0.8
(93.310.4) (5.440.3) (1.30.1) (88.6+2.2) (8.3%1.5) (3.120.8)

a Oxidation was conducted in both folding buffer as well as denaturing buffer. Predominant isoforms from oxidation of each variant were identified
as globular or ribbon conformation as indicated by coelution on HPLC as well as 1D NMR experiments (Figure 2). The poorly favored beaded
conformation was identified as the third chromatographic peak with the same mass. All oxidation studies were conducted in triplicate. Data in
parenthesis represents results obtained from oxidation studies conducted using glutathione redox conditions.

currently known members of thgi-conotoxins; and (c)/A- sequences. Second, Iml K6 Acid provides an alteration in
conotoxins have only two residues in the intercysteine loop C-terminal amidation and first intercysteine loop proline in
2, with the second residue being a hydroxyproline. In a single variant. Finally, proline was replaced with alanine
contrast, the second intercysteine looptigonotoxins tends  in the Iml A6 Amide variant to examine the role of the imine
to be slightly longer. Further, when proline is present within residue while minimizing changes to the side chain.
the second loop ofi-conotoxins, it is usually situated at a To test the reciprocal conformational switch, we incor-
different position. We propose that these conserved structuralporated these structural features in synthetic analogues of
features in these two families of conotoxins are responsible CMrVIA y/A-conotoxins: CMrVIA K6 Acid represents the
for the variation in folding tendencies and thereby, act as native sequence of CMrVIA conotoxin, while CMrVIA K6
conformational switches. The C-terminal amidation and Amide was synthesized to incorporate a C-terminal amide
proline in the first intercysteine loop may help in inducing that is absent from the native sequence. Both amidated and
globular conformation, whereas the loop size of the secondfree carboxylic acid analogues of CMrVIA P6 variants were
intercysteine loop may be useful in retaining the ribbon also synthesized to examine the effect of substituting Lys-6
conformation. These observations laid the basis for designof CMrVIA conotoxin with a proline residue (Table 2).
of the synthetic variants, in which the contributions of  We also synthesized regiospecific disulfide variants to the
C-terminal amidation as well as the proline residue in the Iml and CMrVIA conotoxin analogues by two-step selective
first intercysteine loop were sequentially examined. We chose deprotection scheme. For each variant, both the globular and
Iml conotoxin as a model because it is the shortest and aribbon conformations were assembled. The beaded confor-
widely studiedo-conotoxin @0—33). Except for the con-  mation was not examined due to a much lower tendency of
served C-terminal amidation and disulfide linkages, no forming disulfide bridges between the vicinal cysteine
other post-translational modification was noted in Iml cono- residues.
toxin. Unlike the 3/5 Gla-conotoxin examined earlieb), Folding StudiesThe purified and reduced peptides were
the length and intercysteine loop sizes of the 4/3 Iml subjected to oxidation conditions by stirring in either
o-conotoxin also match those of the 4421-conotoxins glutathione redox system under nitrogen blanket4fdn or
closely (Table 1). in air for 48 h. They were then separated using analytical
Chemical Synthesis of Conotoxin Analogugarlier, we C18 HPLC column. Each of the synthetic variants folded
reported the influence of C-terminal amidation on the folding into three monomeric isoforms upon oxidation, corresponding
tendency of Iml conotoxin and its variants2). To inves- to the three peaks observed on the chromatograms (Figure
tigate the role of the conserved proline residue in the first 1, Supplementary Figure S2, Supporting Information). Each
intercysteine loop, Iml K6 Amide was prepared. In this peak contained peptides that were completely oxidized as
variant, Pro-6 of Iml conotoxin was replaced with a lysine, verified by reduction of four mass units, corresponding to
commonly found in the same position gfl-conotoxins the formation of two disulfide bridges (Supplementary Table
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Ficure 1: Chromatographic profiles of conotoxin analogues. Retention times of the regiospecifically synthesized conformation were compared
and matched with the dominant isoform derived from air oxidation. Retention time of dominant peak 3 of Iml P6 Amide coincides with that
of the regiospecifically synthesized globular conformation. Peak 1 of Iml K6 Amide and peak 3 of CMrVIA K6 Acid coelute with the
ribbon conformation of the respective variants, and the substituted CMrVIA P6 Acid variant coelutes with the globular conformation.

1 and Figure S1, Supporting Information). Glutathione redox conditions (Table 2). In addition to Iml K6 Amide variant,
also generated isoforms in similar proportions, except for an Iml A6 Amide variant was also synthesized and shown
Iml P6 Acid in the denaturant buffer. The various structural to have~70% of the total oxidized peptide folding into the
isoforms were identified initially by comparing the retention ribbon conformation. Thus, the presence of proline residue
times of the isoforms of oxidized conotoxin analogues with in the first loop appears to act as a switch from ribbon to
regiospecifically synthesized globular and ribbon conforma- globular conformation. Replacement of this crucial imino
tions (Figure 1, Supplementary Figure S2, Supporting acid residue with either the short aliphatic alanine, or the
Information). The relative percentages of the three isoforms extended charged lysine, resulted in a switch of folding
formed in the oxidation studies were determined by calculat- preference toward the ribbon form. C-Terminal amidation
ing the area under each peak (Table 2). The conformationhas an additive effect on the shift of folding tendencies
of the dominant form for various peptides was also confirmed serving to enhance the conformational switch. Thus, by two

by NMR spectra and solution structure calculations
(see below).

When allowed to fold, 54% of native Iml P6 Amide folds
into the globular conformation1@). Substitution of the
proline residue in the first intercysteine loop of Iml P6 Amide
with a lysine residue caused Iml K6 Amide analogue to
fold predominantly into the ribbon conformation, amounting
to 68.5% of the total oxidized peptides. Iml A6 Amide
variant was also synthesized and shown to hav@% of
the total oxidized peptide folding into the ribbon conforma-
tion. Substituting the C-terminal amide with a free carboxylic
acid results in 67% of the Iml P6 Acid folding into the ribbon
conformation {2). When both the C-terminal amidation and
proline were replaced in the original sequence, Iml K6 Acid

simple changes, the replacement of proline in the first loop
and the removal of the C-terminal amide, the globular fold
of the Iml conotoxin, am-conotoxin was changed to the
ribbon fold of ay/A-conotoxin.

To test whether a proline residue in the first loop and the
C-terminal amide group would switch the ribbon fold of a
x/A-conotoxin to globular fold ofi-conotoxin, we performed
reciprocal oxidation studies using CMrVIg/A-conotoxin
variants. This conotoxin possesses neither the proline in the
first intercysteine loop nor the conserved C-terminal ami-
dation. The native toxin exists in a ribbon conformation. As
expected, native CMrVIA conotoxin (herein, described as
CMrVIA K6 Acid) folds predominantly into the ribbon
conformation (Table 2). Substitution of the lysine residue

showed the greatest ribbon preference with 76% in that in the first intercysteine loop with a proline residue resulted
conformation. In all the cases, beaded conformations werein 83% of the oxidized peptides of CMrVIA P6 Acid variant
disfavored {1.2—4.1%). No significant differences in the to fold in the globular conformation. The CMrVIA P6 Amide
folding tendencies were observed for the four Iml conotoxin analogue incorporates both the proline in the first intercys-
analogues under glutathione redox compared to air oxidationteine loop, as well as the C-terminal amidation. The



3344 Biochemistry, Vol. 46, No. 11, 2007 Kang et al.

cumulative effect of the two structural features was apparent conformations. The Amide signals of one-dimensional (1D)
from the 93% globular isoform noted upon oxidation (Table NMR spectra for all the peptides were well-resolved,
2). Thus, by these two simple changes, the ribbon fold of spanning the range of 7#%®.2 ppm, indicative of well-
x/A-conotoxin was changed to globular fold in CMrVIA  ordered structures. Disulfide pairings of the dominant iso-
conotoxin. forms from the variants were identified by HPLC retention

Effect of Denaturant on Foldingin the presence of a times and then verified by comparing the 1D proton NMR
guanidine hydrochloride, although major folding conformer spectra with their corresponding regiospecifically synthesized
of the Iml conotoxin analogues remained as the dominant peptides (Figure 2, Supplementary Figure S3, Supporting
isoform, there was a shift toward other conformers. However, Information).

the overall folding tendencies of the Iml conotoxin variants Temperatures yielding the highest resolution 1D NMR in
generally remained the same as when the peptides folded inhe Amide region were chosen for the 2D proton NMR.
nondenaturing, oxidizing conditions. For example, the beadedo\,era"’ the peptides yielded 2D NMR spectra of good
conformer, with its vicinal disulfide bridge3¢—43), in- quality from which sufficient distance constraints were
creased significantly~11.4-17.8%), except for Iml K&  gptained for structural modeling. In all cases, only a single
Amide (1.7%). The most significant increase was noted for set of associated spin-systems was observed, and no clear
the Iml P6 acid and the Iml K6 acid. Thus, the presence of gyjidence for the presence of minor conformers was observed
guanidine produced a greater distribution of isoforms in all (Figure 3, Supplementary Figure S4, Supporting Informa-
four Iml variants (Table 2). These results indicate that side tion). Residues were assigned with TOCSY and ROESY
chain interactions promoted by,@ contri_bute partially, but spectra, using a sequential assignment stratégyg). All

not fully, to the stable fold. The C-terminal Amide appears the variants showed distinct deviation ofg chemical shift

to resist the effect of denaturant and block the beadedfom the random coil values48), indicating of stable

conformation, particularly in the case of Iml K6 Amide, in secondary structure for each of the analogues (Figure 4,
which the beaded conformation was lowered from 16.7 t0 gypplementary Figure S5, Supporting Information).

0 )
1.7% (Table 2). In contrast, the presence of denaturant in Iml P6 Amide TOCSY spectra and ROE connectivity

the folding buffers did not seem to markedly influence the diagrams for the dominant peak of Iml P6 Amide are shown
folding propensities of the CMrVIA conotoxin analogues. in Figure 3A. The TOCSY spectrum obtained was similar

With the exception of CMrVIA P6 Amide, other variants in chemical shifts reported by Rogers et 8R)(for the native
show significant amounts of beaded conformers. The per- P yRog L .
globular conformation of Imbi-conotoxin with the Amide

centage of the unfavorable beaded conformation ironically region resolving in the ranae of 8.0 opm and having an
was reduced in the presence of the denaturant buffer (Table g 9 9 ~.0Pp 9

. . : dentical sequential assignment. A total of 88 ROEs were
2). It is possible that the shorter and more restrained second%e™ ) .
intercysteine loop of CMrVIA conotoxin results in a differ- obtained from the ROESY spectra, of which 19 were inter-

ence in response to the denaturing folding environment whenL%Sr:gturgiﬁ?snzgzirﬁﬁ?gn??QvgeErg\'(ngaéi;'S;eﬁ?tg dEtSHeDelzsz;t?Iir:r:e
compared to the longer Iml conotoxin. P

Significant differences were found in the folding tenden- r_eported Imi conotoxin structure well, with _o_nly two devia-

. . .~ _tions (less than 0.3 A). Temperature coefficients as well as
cies when the peptides were folded under redox Cond't'onsthe3JN ~Con coupling constants derived (Figure 4A) from
in the presence of denaturants. In the case of Iml P6 acid, H —oH piing . gui

RN . ) . the spectra of Iml P6 Amide were also similar to those
air oxidation conditions yielded 44.6 and 37.6% of peptides resented earlieBg). Supplemented with the HPLC coelu-
in ribbon and globular conformation, respectively. In contrast, b . - Supplen : )
under redox conditions, it yields 39.8 and 50.3% in ribbon tion profiles, these data confirm that imi P.6 Amide peptide
and globular conformations, respectively (Table 2). Iml K6 used as a reference for the folding st_udles, hgas the same
acid, which lacks both the determinants required for folding pongormgtlolg as trl13e stliucliuDreBolféhilrll\;al'ilve%r]otelp depohs_|ted
in globular conformation, shows the most significant con- Isr;rucrtztr?r\]/vasafja;edafgr c(om . ). Therefore, this
tribution of side chains for the folding, particularly in redox ) i pr?lrlson.
conditions. The ratios of beaded/globular/ribbon conforma-  Iml P6 Acid.Iml P6 Acid yielded 2D NMR spectra of
tions were approximately 1:1.5:2.5. These ratios are expecteddood dispersion, from which 110 ROEs were obtained from
to be closer to 1:1:1, if folding was determined completely the ROESY spectral@), (Supplementary Figure S4, Sup-
by side chain interactions dré M guanidine hydrochloride ~ Porting Information). Of these, 37 represented inter-residue
was sufficient to completely abolish the contributions of all ROEs and the remaining 73 were intraresidue ROEs. The
side chain interactions. Interestingly, Iml K6 Amide folds Presence of a strongH-0H ROE between Asp-5Pro-6
into ribbon and globular conformations with a ratio ap- Suggests a trans peptide bond between these two residues.
proaching 1:1. In this case, the beaded conformation is almost!dentification of the GH—-CSH ROEs between Cys-3
undetectable (Table 2). Thus, the C-terminal Amide in Iml Cys-8 and Cys-2Cys-12 is indicative of the disulfide
K6 Amide completely blocks formation of beaded conforma- Pairing characteristic of the ribbon conformation. Temper-
tion. These results indicate that side chains play a crucial &ture coefficients of Amide resonance for Ser-4, Asp-5, Arg-
role in the folding of Iml K6 Amide, and the presence of 7, Cys-8, and Cys-12 were less negative thah0 ppb/ K.
guanidine hydrochloride abrogates these contributions This suggests the presence of solvent shielding or intramo-
leading to near equal proportions of globular and ribbon lecular hydrogen bonded Amide for these residues (Supple-
conformations. mentary Figure 5A, Supporting Information).

NMR Studies of Conotoxin Variant3o confirm the Even though Iml P6 Acid and Iml P6 Amide differ only
folding conformations of the variants, we determined the by the C-terminal residue, the 2D spectra differences illustrate
solution structure of all the peptides in their most favored the nonidentity of secondary structure and microenvironment
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A Iml P6 Amide g !ml K6 Amide
Air Oxidation Peak 3 Air Oxidation Peak 1
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C CMrVIA K6 Acid D CMrVIA P6 Acid
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Ficure 2: One-dimensional NMR analysis of dominant isoforms derived from oxidation studies. Products of oxidation studies were separated
by HPLC and sequentially labeled as peak3laccording to sequence of elution. The # DNMR spectra of (A) Iml P6 Amide peak 3

and (B) Iml K6 Amide peak 1 were compared with their respective ribbon conformations, (C) CMrVIA K6 Acid peak 3 with the corresponding
globular conformation, and (D) CMrVIA P6 Acid peak 1 with its ribbon conformer.

for the two peptides (Supplementary Figure S5, Supporting of Cys-3, Asp-5, and Cys-8 were poorly resolved, indicative
Information) (2). of less well-defined side chain orientation for these residues
Iml K6 Amide and Iml K6 AcidA total of 32 inter-residue  in the ribbon isoform.

ROEs and 72 intraresidue ROEs were obtained for Iml K6  Unlike Iml P6 Acid and Iml P6 Amide, both Iml K6 Acid
Amide, while 40 inter-residue ROEs and 76 intraresidue and Iml K6 Amide presented similar 2D spectra, temperature
ROEs were observed for Iml K6 Acid (Figure 3B and coefficient patterns3jyy—Cqun coupling constants, as well
Supplementary Figure S4, Supporting Information). The as the chemical shift index fordd (Figure 4F). Compari-
presence of the fH—CSH ROE between Cys-3Cys-8 for sons of the 2D TOCSY spectra for the two Iml K6 variants
the Iml K6 Amide indicates that the disulfide pairing is with the Iml P6 Acid also reveal similarity for the amide

analogous to that seen in ribbon conformatiogHe-CgH chemical shifts of the various spin systems. This indicates a
interactions between the cysteine residues of the Iml K6 Acid marked structural resemblance between Iml K6 Acid and
could not be resolved due to overlapping ROEs. Iml K6 Amide, and to an extent, ImiP6 Acid.

Nearly all the residues in both the peptides were solvent Iml A6 Amide The 2D NMR spectra for the dominant
exposed, with the exception of Cys-2, Asp-5, Arg-7, and isoform of Iml A6 amide had a reasonable dispersion of
Cys-8 residues, which had temperature coefficients thatamide signals (Supplementary Figure S4, Supporting Infor-
suggested solvent shieldinglys—C,x coupling constants ~ mation). A total of 107 ROEs were unambiguously assigned.
derived from both spectra indicated values of less than 5 Hz Of which, 70 were intraresidue ROESs, and the remaining
for residues Lys-6 and Ala-9. All other residues presented 37 were inter-residue ROES. Thggg—CpH ROEs of the
values which fell in the range of-58 Hz. The numerous  cysteine residues involved in the disulfide bridge formation
dnng,i+1) cONnectivities suggest that both structures are likely could not be resolved due to the overlapping signals. Asp-
to contain several turns throughout the sequence, especiallyp, Arg-7, and Cys-8 presented a temperature coefficient that
for residues located between Lys-6 and Arg-11 (Figure 4B is less negative thar-4.0 ppb/ K, indicative of solvent
and Supplementary Figure S5C, Supporting Information). shielding of these residues (Supplementary Figure S5,
TOCSY amide region resonances for the two spectra wereSupporting Information).
also fairly similar, with Cys-8 and Asp-5 shifting upfield, The chemical shifts for the various spin systems relate well
and Arg-7 shifting downfield of Iml K6 Amide. All with those of Iml P6 Acid variant, as both show close
variations in chemical shifts in the amide region were within sequence identity, and oxidize to the ribbon conformation
~0.3 ppm between the two spectra. As with Iml P6 Acid as the final conformation. The chemical shift indexes for
that is also held in the ribbon conformation, thg grotons the two peptides were also generally similar, with positive
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Ficure 3: Two-dimensional NMR spectra and sequential assignments. The diagrams comprising of 70 ms AB€SM region (top
panel) and 300 ms ROESY region (bottom panel). 2D NMR experiments were carried out on samples dissolvedji® @0t 1% RO,

pH 3.1 on Bfikker DRX-500 MHz spectrometer. Experiments for (A) Iml P6 Amide peak 3, (B) Iml K6 Amide peak 1, (C) CMrVIA K6

Acid peak 3, and (D) CMrVIA P6 Acid peak 1 were carried out at 298, 300, 300, and 303 K, respectively.
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Ficure 4: Summary of 2D NMR data. Panels (A) and (B) show details on the sequential ROEJgdata.+ coupling constants, temperature
dependence of amide chemical shifts, as well as medium- and long-range ROEs for Iml P6 Amide and Iml K6 Amide, respectively. NMR
data for CMrVIA K6 Acid and CMrVIA P6 Acid are similarly summarized in panels (D) and (E). The thickness of the bars represents the
relative intensity of the ROEs as depicted in the 2D ROESY spectra (weak, medium, and dtramg)). represendyn—cq coupling

constants above 8.5 Hz and below 5.0 Hz, respectivglsepresents temperature coefficient of amide chemical shifts4.0 ppb/K, and

@ represents temperature coefficients—4.0 ppb/K. ROE between Asp-5oF1 and Pro-6 ©H is indicated in the diagram as a gray
shaded box. Overlapping ROE of an ambiguous assignment is marked with (*). Panels (C) and (F) compare the deviation of experimental
Co protons chemical shift values from random coil chemical shift values for the respective amino acids in both Iml P6 Amide and Iml K6
Amide, as well as CMrVIA K6 Acid and CMrVIA P6 Acid, respectively. ROE lines presented uthggrrefer to the miscellaneous ROEs
between any protons of the residues at the two ends of the lines.

deviation from random coil values between the segments of likely to be a result of the difference in the position 6 residue
Cys-3 to Asp-5, and Trp-10 to Arg-11. However, the in the two peptides. Cys-12 was noted to have 0.3 ppm
spectrum is distinctly different from that observed for Iml  downfield shift as compared to the same residue seen in Iml
P6 Amide despite their greater resemblance in sequence. Thé>6 acid. This shift is likely to be a result of the difference
chemical shifts for Cys-2, Cys-3, Ser-4, Ala-9, Trp-10, and between variants in C-terminal functional group.

Arg-11 are similar to those noted in Iml P6 Acid’s spectra.  CMrVIA K6 Acid and CMrVIA K6 Amide2D NMR
Spin systems that exhibited minor changes in chemical shiftsspectra of CMrVIA K6 Acid and CMrVIA K6 Amide are
included Asp-5 and Cys-8, which fell within 0.2 ppm from presented in Figure 3C and Supplementary Figure S4,
the values noted in the spectrum of Iml P6 Acid. Arg-7's respectively. Of the total of 91 ROEs obtained from the
chemical shift was noted to have moved up field by 0.3 ppm, spectra of CMrVIA K6 Acid, 60 were intraresidue, and the



3348 Biochemistry, Vol. 46, No. 11, 2007 Kang et al.
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Ficure 5: Backbone superposition of calculated structures for dominant isoforms of conotoxin analogues. (A) Iml K6 Amide, (B) CMrVIA
K6 Acid, and (C) CMrVIA P6 Acid. Families of 15 lowest energy structures are overlaid with the averaged calculated structure. Sulfur
atoms and the corresponding disulfide bridges of the structures are highlighted in yellow. (D) Superposition of the ribbon forms for Iml P6
Acid (red), Iml K6 Acid (yellow), and Iml K6 Amide (blue). rmsd for the ribbon forms of the different analogues ranged from 2.07 to 2.18
A. (E) Backbone superimposition of Iml P6 Amide (green) with Iml P6 Acid (red) gave a rmsd of 3.5 A, while (F) superimposition of
CMrVIA K6 Acid (magenta) and CMrVIA P6 Acid (cyan) gave an rmsd of 2.35 A.

remaining 31 ROEs were inter-residue ROBS$)( Fifty- 11 in CMrVIA P6 Acid, and Cys-2, Gly-4, and Cys-11 in
two of the 86 ROEs identified for CMrVIA K6 Amide the amidated analogue (Figure 4, Supplementary Figure S5,
were intraresidue ROEs, and the remaining 34 were inter- Supporting Information).
residue ROEsaH—0H ROEs were identified between Structural DeterminationMolecular dynamics simulation
residue His-9 and Hyp-10 for both peptides, which suggest for the dominant isoform of the various analogues was
a trans peptide bond between these two residues. The ROEgerformed using the distance restraints derived from the ROE
between Cys-BH to Cys-115H seen in both variants verify ~ volumes of the ROESY spectra. Average conformations were
the G-4, Co—3 disulfide connectivity characteristic of the derived from the 211 structures generated from trajectory
ribbon conformation. analysis, and families of 15 final structures with the lowest
In CMrVIA K6 Acid, in contrast, only Gly-4, Lys-6, Cys-  energies were chosen to represent the solution structure for
8, and His-9 of CMrVIA K6 Amide were solvent shielded. the peptides (Figure 5AC, Supplementary Figure S6,
Positive deviations oftH chemical shift index were observed Supporting Information). Figure 6 illustrates the overall
for the regions between Cys-Zly-4 and Leu-7Hyp-10 conformation and electrostatic surfaces for calculated solution
of CMrVIA K6 Acid variant, and Leu-7#Hyp-10 of the structure of the various peptides.
amidated analogue (Figure 4, Supplementary Figure S5, The calculated structure for Iml P6 Acid (PDB ID 2I1GU)
Supporting Information). (12) exhibits ap-turn at Asp-5-Pro-6-Arg-7-Cys-8, owing
The spin systems of both amidated and non-amidatedto the disulfide bridge formed between Cys-3 and Cys-8 and
analogues of CMrVIA K6 variants presented with similar the disulfide bridge between Cys-2 and Cys-12. The structure
amide chemical shifts, with the exception of Tyr-5 and Cys- is further reinforced by hydrogen bonds between Asp-5
11, which were shifted within 0-20.3 ppm of the two carbonyl group and Cys-8 amide proton, as well as Ser-4
spectra. amide with the carbonyl group of C-terminal carboxylic acid.
CMrVIA P6 Acid and CMrVIA P6 AmideCMrVIA P6 These intramolecular hydrogen bonds observed in the result-
Acid and CMrVIA P6 Amide yielded spectra that were very ant structure are consistent with the low-temperature
similar to one another (Figure 3, Supplementary Figure S4, coefficient chemical shifts of Ser-4 and Cys-8 amide
Supporting Information). Almost all of the eight spin systems protons.
visible in the fingerprint region had similar amide chemical  As with the ribbon conformation of Iml P6 Acid, Iml K6
shifts, with the exception of Cys-11 residue, which had an Acid (PDB ID 2IFJ) and Iml K6 amide (PDB ID 2IFZ) also
upfield shift of 0.3 ppm in the amidated analogue. Chemical possess A-turn at Asp-5-Lys-6-Arg-7-Cys-8 and Lys-6-Arg-
shift indices of @H were also very similar to one another, 7-Cys-8-Ala-9, respectively. This was supported by the low
with a positive deviation in the Cys-25ly-4, and Arg-7 3JwH—Cun coupling constants ok5 Hz for Lys-6 in both
Hyp-10 in both peptides. Solvent shielding was noted for variants. The numeroud,i+1) anddne,+1) cONnectivities
most residues of both peptides, except Cys-2, Tyr-5, and Cys-observed in the region of Gly-1Asp-5 and Arg-#Arg-11
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Ficure 6: Electrostatic surface of solution structures for the dominant isoforms of conotoxin analogues. Solvent accessible surfaces of the
respective variants are presented in similar orientations. Positive residues are highlighted in blue, while negatively charged residues are in
red. Three-dimensional solution structure of Iml P6 Amide was obtained from Protein Data Bank (PDB ID 1IM1).

in the ROESY spectra are suggestive of an exterfdsideet largely similar to that of the native CMrVIA K6 Acid variant,
structure. However, this secondary structural element waswith a calculated solution structure (PDB ID 2IHA) resem-
not noted in the final calculated structure, as with the case bling the latter structure. However, an additional hydrogen
for most peptides of such small size. As such, these bond was noted between amide proton of Gly-4 with the
connectivities are indicative of a stable and defined structure sulfur atom of Cys-3 residue in the native structu4é)(
around this segment of the peptide. This is in agreement with  CMrVIA P6 Acid (PDB ID 2IH6) and CMrVIA P6 amide
the positive chemical shift index of tleeH around the same  (PDB ID 2IH7) exhibit globular conformations. Both variants
regions (Figure 4B, Supplementary Figure S5C, Supporting exhibit similar 2D NMR spectra and, consequently, the
Information). The turn in Iml K6 Acid is further reinforced calculated solution structurg$-Turns were noted in regions
with a bifurcated hydrogen bond between Asp5 carbonyl with between Val-+Gly-4 and Tyr-5-Cys-8. These turns are
Arg-7 and Cys-8 amide protons. In Iml K6 Amide, hydrogen maintained by the disulfide bridges formed between Cys-
bonds are observed between Asp-5 Amide and Cys-32—Cys-8 and Cys-3Cys-11. The globular conformation is
carbonyl group, as well as between Arg-7 Amide proton with reinforced by a bifurcated hydrogen bond between the amide
its own side chain amine proton. These hydrogen bonds areproton of Cys-8 with the carbonyl groups of Tyr-5 and
consistent with solvent shielding predicted from the tem- Leu-7.
perature coefficient chemical shifts of amide protons (Figure  Analysis of thep andy angles for the completed structures
4). revealed that none of the residues for the various peptides
Native CMrVIA K6 Acid sequence (PDB ID 2B5P) was lies in the disallowed region, while very few (2.5%) reside
identified to fold in the ribbon conformation, possessing in the generously allowed region of the Ramachandran plot
[-turns as the predominant secondary structural element. ThgTable 3).
overall conformation is dictated by the disulfide bridge Structural ComparisonsT'he averaged structures of all Iml
between Cys-3Cys-8, forming a loose turn within the variants in ribbon conformation were overlaid, and the
nonhelical pentapeptide region. The C-terminus of the backbone rmsd values were measured. Despite the variation
molecule is tethered close to the N-terminus as a consequenc@ amino acid sequence and C-terminal modification, all three
of the restraining Cys-2Cys-11 disulfide linkage. 2D NMR  ribbon forms overlaid to give a backbone rmsd of 2:07
data of the CMrVIA K6 Amide analogue presented are 2.18 A (Table 4), suggesting similarity in overall backbone
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Table 3: Structural Statistics for Calculated Conotoxin Structures

Iml P6 Iml K6 Iml K6 ImlA6  CMrVIAK6 CMrVIAK6 CMrVIAP6 CMrVIA P6
Acid Acid Amide Amide Amide Acid Amide Acid
Ramachandran Plot Analysis
% in favored 30.0 30.0 54.5 81.8 75.0 455 50.0 375
% in additionally allowed region 60.0 70.0 36.4 9.1 25.0 54.5 375 50.0
% in generously allowed region 10.0 0.0 9.1 9.1 0.0 0.0 125 12.5
Atomic Root-Mean-Square with Mean Structure
all atom rmsd 0.83-0.13 0.81+0.16 0.89+0.11 1.08+0.30 0.84+0.12 0.78+£0.18 0.53+0.15 0.55+0.10
heavy atoms rmsd 0.7940.14 0.71+0.16 0.72:0.10 0.99+0.30 0.71+0.10 0.63+0.10 0.44+0.11 0.50+0.11
backbone rmsd 0.4% 0.10 0.49+0.12 0.44+0.10 0.93+0.33 0.54+0.10 0.52+0.10 0.35+-0.10 0.48+0.10
Distance Constraints Violations
violations> 0.3 A 1 1 1 2 2 0 1 2
violations> 0.5 A 1 0 1 0 1 2 4 3
Number of Constraints
intraresidue 65 76 72 70 52 60 58 61
shortrange|( —j| = 1) 23 26 29 33 29 20 31 46
medium range (ki < 2) 4 7 3 3 2 4 0 5
long rangei(> 2) 7 7 2 1 3 7 9 11
total number 99 116 104 107 86 91 98 123
Table 4: Backbone rmsd Values of Overlaid Structures which preserve the globular conformation, hags within
200-fold of the wild type ImI conotoxin. Iml K6 Acid ribbon
Iml K6 Acid Iml K6 Amide Iml P6 Acid . . typ . . .
. isoform, with the largest divergence of key features including
:m: gg ﬁgi‘éde 221583 23-381 3.51 the conformational-restraining proline residue, C-terminal
Iml K6 amide 212 ' amidation, and nonglobular conformation presented with the

structure (Figure 5D). Iml P6 Amide was also overlaid with

lowest binding affinity Kq > 500 uM).
Substitution of the conserved C-terminal amide of Iml

its corresponding deamidated Iml P6 Acid (Figure 5E). The conotoxin with a free carboxylic acid resulted in a 3-fold
rmsd of over 3.5 A between the native Iml conotoxin and reduction in the binding affinity of its globular conformation
its deamidated variant substantiates the difference in theiras compared to the wild type globular Iml conotoxin. The
secondary structures. The calculated 3D structure of Iml P6 ribbon conformation of the same deamidated Iml P6 variant
Amide peptide presented a typical “globular” conformation exhibited a binding affinity that is reduced a further 60-fold.
seen ina-conotoxins instead of the flat conformation seen Replacement of proline with a lysine in the sixth position of
in the three ribbon forms. Pairwise backbone overlay of the the sequence had a detrimental effect on binding affinity.

native ribbon CMrVIA K6 Acid and the globular CMrVIA
P6 Acid gave a rmsd of 2.35 A.
Binding Assays with AChBPTo determine binding af-

finities of the various synthetic analogues of Iml conotoxin,

The loss of affinity cannot be accounted for by the backbone
conformation of the variants, as the Iml A6 Amide globular
conformation, had a loweKy of 150 nM compared to
globular isoform of Iml K6 Amide with &Ky of 4.5 uM.

the regiospecifically synthesized variants were examined in The most likely contributing factor would be the steric

binding assays witiplysia californicaacetylcholine binding
protein (A-AChBP) andBulinus truncatusacetylcholine

electrostatic repulsion between the long polar side chain of
lysine and the receptor pocket. However, the Iml A6 Amide

binding protein (B-AChBP). Chromatographic peaks identi- globular conformation has a binding affinity that is still 100-
fied as the beaded conformation were also subjected to thefold lower than the wild type Iml conotoxin, indicating the

assay after estimation of peptide concentration by UV importance of the backbone structure of the native globular

spectroscopy.

conformation. When replacement of Pro-6 was combined

Dissociation constants for the interactions were determinedyith other structural modifications, the cumulative reduction
by (a) intrinsic tryptophan fluorescence quenching of A- in pinding affinity was 3 orders of magnitude.

AChBP upon complex formation, (b) AChBRonotoxin
complex formation inhibiting the initial rates of association

of either gallamine or (5-dimethylamino-naphthalene-1-

sulfon-amido-ethyl)-tri-methyl-ammonium with A-AChBP,
or (c) equilibrium competition of peptide with radiolabeled
epibatidine ora-bungarotoxin to A-AChBP. Equilibrium

competitions using the radiolabeled probes were also per-

formed to compare the binding affinity of the Iml conotoxin
analogues to both B-AChBP and A-AChBP (Figure 7).

Overall, modifications of the structural features that result
in the disruption of the backbone conformation result in loss

of conotoxin binding affinity. The loss of affinity can be

Kinetics of conotoxin Iml interaction with A-AChBP
appears to be sensitive to any deviation from its native
structure. The more sensitive dissociation rate constants were
increased by 4 orders of magnitude or more for the weakest
binding variants, while association rate constants were
reduced by only 2 3-fold. Exceptions were the two weakest
binding Iml P6 variants where both dissociation and as-
sociation rate constants were reduced by about 1 order of
magnitude.

A surprising finding noted from the binding assay is that
although the beaded conformation is the thermodynamically

roughly correlated with the extent of structural modifications least favored and rarely found in native proteins, its binding

from the Iml conotoxin template (Table 5). For example,
Iml P6 Acid and Iml A6 Amide (PDB ID 2IFIl) variants,

affinity to A-AChBP is still significant and does not appear

to be the weakest among the folds.
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Ficure 7: Determination of kinetic and equilibrium interaction constants of conotoxin Iml variants and A-AChBP. (A) Stopped-flow
traces of intrinsic A-AChBP tryptophan fluorescence quenching as a function of time and conotoxin Iml P6 Amide bead concentration (1.0,
2.0, 3.0, and 4.0 uM). (B) The first-order rate constants of fluorescence quenkhifidrém panel A are plotted as a function of conotoxin
concentration. The slope of the line yielded the second order association rate cdggtai@) Determination of the first-order dissociation

rate constantki;) for conotoxin Iml P6 Amide bead. Enhancement of the A-AChBP intrinsic tryptophan fluorescence upon the rate-
limiting dissociation of conotoxin and immediate formation of A-AChBP*gallamine complex. (D) Radioactive competition assay for
determination oKy for conotoxin Iml variants: P6 Acid bead (squares), P6 Amide ribbon (diamond), P6 Amide bead (triangles) and K6
Amide globular (circles). Experimental points in panels B and D are determined as quadruplicate measurements. Panels A and C show
single experimental traces.

Table 5: Kinetic and Equilibrium Constants for Interaction of Conotoxin Iml Variants with A-AéhBP

Kg (nM) ko .
n
competition experiments Kot /Kon (1 M~tmin™?) (min~?)
conotoxin Iml B-AChBP A-AChBP A-AChBP A-AChBP A-AChBP

P6 Amide globular (wt) 6.6 2.8 0.88 1 0.60
P6 Acid globular 6.5 2.3 2.7 2.6 0.72
P6 Acid ribbon 95 48 170 3.0 51
P6 Acid bead n.d. 140 460 0.57 25
P6 Amide ribbon 100 110 420 0.91 38
P6 Amide bead 220 220 240 6.1 150
A6 Amide globular 260 190 140 5.3 74
A6 Amide ribbon >10 000 28 000 n.g. n.d. n.d.
A6 Amide bead >10 000 >10 000 n.d. n.d. n.d.
K6 Amide globular >10 000 4700 n.d. n.d. 5100
K6 Amide ribbon >10 000 94 000 n.d. n.d. n.d.
K6 Acid ribbon >10 000 >500 000 n.d. n.d. n.d.

@ The equilibrium dissociation constai{d) is a mean of three to six experiments including radioactive probe and fluorescent probe competition
experiments, as well as kinetic fluorescence experiments where it was calculated as a katiaraf ko rate constants. The association and
dissociation rate constantk{ and k.) are mean of three to four experiments, and were determined from the rates of quenching of intrinsic
A-AchBP fluorescence upon conotoxin bindifgz=rom Hansen et. ak@). ¢ n.d. = not determined.

DISCUSSION conformation and €3, C,—4 disulfide pairing. On the basis
a-Conotoxins andy/i-conotoxins are unique classes of of_the nqmber of_residues in the imerc_ysteine loops 1 and 2,

compact peptide toxins isolated fraBionusvenoms. These  this family of toxins can be classified into the 443) and

peptides of 1319 residues share four conserved cysteine 3/5 subfamilies, respectively2). Despite the structural

residues. However, the disulfide pattern and their folding variations, they act as competitive inhibitors of NAChR (
are distinctly different. a-Conotoxins have a globular ~ On the other handy/A-conotoxins have a ribbon conforma-
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tion and G-, C,—3 disulfide pairing. So far, only four

Kang et al.

From the analysis of the folding tendencies of Iml P6

members of this family have been isolated, and they have Amide and its analogues, the results for Iml K6 Acid suggest

four and two residues in the intercysteine loops 1 and 2,
respectively 9—11). Unlike a-conotoxins, they block nore-
pinephrine transporterl(). In both cases, non-native con-
formations are biologically less activé, @), supporting the
importance of the respective disulfide pairing and folding.

Earlier work by Zhang and Snydei5)( have added
significant clarity to the involvement of amino acid residues
and intercysteine spacing of-conotoxins to their folding
tendencies. However, the conotoxins studied were signifi-
cantly different in intercysteine loops sizes from those in

that in the absence of strong influencing factors such as
proline residue in intercysteine loop 1 or neutralization of
charge on the C-terminal by amidation there is a high
tendency for the peptides to fold in the ribbon conformation.
However, with the introduction of both key structural

features, the propensity to stay in the ribbon conformation
gradually shifts toward the globular conformation. It is

perhaps of evolutionary interest that these two structural
features were retained in the toxins’ structure so as to favor
the formation of receptor specific ligands of the appropriate

ylA-conotoxins. Recently, Buczek et al. demonstrated that conformation.

the propeptide sequence did not influence the kinetics and

thermodynamics of folding in Gk-conotoxin @6). Similarly,

Iml conotoxin has been identified as a signature ligand
for Aplysia AChBP, which is a well-established structural

influence on the in vitro folding ofv-conotoxin MVIIA, an
unrelated class of conopeptideé®l). These studies suggest
that information necessary for governing folding peptides is
likely to be encrypted in the amino acid sequence of the
mature conopeptides.

By comparing the amino acid sequenceswafonotoxins
and y/A-conotoxins, we identified the contributions of the
C-terminal amidation 12). In this work, we show that
substitution of the critical proline residue of Iml P6 amide
with a lysine residue in Iml K6 Amide favors the formation
of the ribbon conformation (Table 2). This suggests that
substitution of the kink-inducing proline residue with a bulky,

charged side chain such as lysine does not favor formation

of native globular conformation. Through the study of Imi
A6 Amide, we have also demonstrated the importance of
the conformationally restraining characteristics of proline in
defining the conformation for folding and activity of the

peptide toxin. When both the determinants are substituted

in Iml K6 Acid, more than 76% folds into the ribbon

conformation (Table 2). These results strongly suggest that

the C-terminal amidation and the penultimate proline residue
in the first intercysteine loop play important roles as
conformational switches: when they are present the peptide
fold in a globular conformation, and in their absence, peptides
fold into the ribbon conformation. By reciprocally incorpo-
rating these structural features into CMrVj/Al-conotoxin,

the folding tendencies have shifted from a native ribbon-
forming conotoxin framework to the non-native globular
conformation.

Proline’s side chain is fused with the main chain forming
a pyrrolidine ring. The unusual amino acid chemistry allows

receptor isolated from salt water molluBklysia californica
The highly specific neurotoxic peptide, isolated from a
vermivorous cone snaonus imperialishas been shown
to possess a 16 000-fold preferenceAmysia AChBP (A-
AChBP), overLymnaeaAChBP isolated from a fresh water
mollusk Lymnaea stagnali§48).

Despite the identical sequence, the non-native (ribbon and
beaded) conformations of Iml conotoxin showed over 300-
fold reduction in binding affinity with A-AChBP as com-
pared with the native globular form. A conformational
rearrangement of the C-loop at the subunit interface occurs
during binding of the conotoxin to A-AChBP18). We
compared the conformational differences in the interaction
segment of globular and ribbon forms to that of the bound
conotoxin. The solution structure of Iml conotoxin (PDB ID
1IM1) overlaid with bound Iml conotoxin (from PDB ID
2BYP) to give a backbone rmsd of 0.79 A, suggesting a slight
conformational rearrangement between the two conforma-
tional states. The ribbon analogue of the Iml P6 Acid variant
was compared in a pairwise backbone comparison with the
crystal structure of Iml conotoxin complexed with the

A-AChBP (2BYP). The region between Ser@ys8 of the
first intercysteine loop 1 overlaid with an rmsd of 0.72 A.
SThis matching overlay occurs despite the poor backbone

comparison of 3.66 A for the whole molecule. The overlay
improved to 0.28 A when the region was limited to Asp5-
Pro6-Arg7 triad. In the crystal structure of A-AChBP

complexed with native Iml conotoxin, it was noted the region
of Asp5—Arg7 tripeptide is deeply anchored into the binding
pocket of the AChBP, and all three residues form critical
stabilizing contacts either intramolecularly or with the side
chains in the binding pocke#8). These results accord with

proline to have both cis and trans peptide bonds. In addition, e previous findings by Hansen et al. that the Asp5-Pro6-
it always produces kinks or corners. Introduction of proline arg7 triad is the major binding determinant responsible for
in the first intercysteine loop may induce a bend in the main s affinity to AChBP. Trp10 of the second intercysteine loop
chain of the peptide. Proline’s capacity to introduce bends yyas also noted to establish extensive interactions with Arg79,
in the main chain could act as a conformational switch in /51108, Met116, and Arg59 of A-AChBP’s binding pocket
conotoxins. (13, 48. A backbone comparison of the segment between
Under the various folding conditions, either the ribbon or Cys8-Cys12 revealed a poor overlay of 2.36 A and a
the globular conformation is dominant. The beaded confor- misaligned Trp10 indole side chain as illustrated in Figure
mation is not preferred. In our in vitro folding studies, none 8A. The side chain of the neighboring Argll residue
of the four peptides folded 100% into a single conformation. protrudes toward the AChBP subunit interface of the binding
Earlier folding studies conducted using organic solvents havesite (Figure 8B), possibly hindering entry of the Iml
also shown that the peptides fold in the native globular con- conotoxin into the AChBP binding site. It is likely that the
formation as the predominant isoforis, L9, 27, 47). How- critical region between Asp5 to Trp10 undergoes a significant
ever, in vivo these peptides fold into a single conformation. degree of conformational rearrangement before forming a
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B Trp10

Gly1

Ficure 8: Comparison of structures. Iml P6 Amide (PDB ID 1IM1) compared with the averaged calculated solution structure of Iml P6
Acid ribbon conformation (A, B), and Iml K6 Acid ribbon conformation (C, D). Iml P6 Amide globular conformation, Iml P6 Acid ribbon
conformation, and Iml K6 Acid ribbon conformation are presented in magenta, green, and cyan, respectively.

A B

Ficure 9: Comparison of structures with bound conotoxin Iml P6 Amide. Iml K6 Acid ribbon (panel A) and Iml P6 Acid ribbon (panel
B) averaged conformations are overlaid with the globular conformation of Iml P6 Amide (PDB ID 2BYP, Iml P6 Amide presented in
green) bound to A-AChBP. C-alpha atoms of amino acid residu€s\Bere used as basis for the overlay.

stable complex with A-AChBP. The decrease in affinity of illustrates the structural differences between the Iml P6 Acid
Iml P6 Acid ribbon conformer is, thus, a likely result of variant with the native toxin.

dissimilar orientations of Trp10’s indole ring and the overall ~ The Iml K6 Acid ribbon conformer having incorporated
backbone conformation of second intercysteine loop, therebymost structural changes in its sequence was expected to have
culminating to the 200-fold reduction in binding affinity of the weakest binding affinity among the variants analyzed.
the Iml P6 Acid analogue. Through the superposition of the In view of the charged aliphatic side chain that protrudes
ribbon conformation of the Iml P6 Acid variant with the out of the crucial binding region between residue 4 to 8 of
bound Iml conotoxin to the AChBP binding site, Figure 9 the first intercysteine loop, it is not surprising when Iml K6
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Acid ribbon conformer presents of weaker than 0.5 mM. 8.

The disruption of the major binding determinant may explain
the near complete loss of affinity despite a similar overall
conformation of this region (Set4Cys8 overlays with 0.58

A rmsd as shown in Figure 8B). The decrease in activity of 9.

this variant is possibly amplified by poorly oriented side
chains of Arg11 of the second intercysteine loop, rendering
severe steric hindrance to the binding pocket (Figures 8C,D
and 9B).

In this study, we have shown that substitution of Pro-6
from the sequence of Iml conotoxin has not just disrupted
the in vitro folding patterns of the toxin but also elicits a
severe reduction in the binding affinity of the peptide
analogues to the receptor A-AChBP. We broadly infer from
the results that the presence of proline residue at position 6
of the sequence is important in defining the constrained

helical secondary structure of the peptide backbone and thus 12

critically affecting the binding affinity. The defined backbone
conformation is buttressed with the conserved disulfide
linkages (G-3, C;—4) in defining the globular conformation.
C-Terminal amidation not only acts as a conformational
switch in the folding of Iml conotoxini2) but also appre-
ciably influences the binding affinity of the variants, for its
absence can reduce the affinity approximately 10-fold.
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