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ABSTRACT: Chemical modification of w-conotoxin GVIA (w-CgTX GVIA) was performed using nonsaturating
concentrations of acetic anhydride to generate seven distinct derivatives. Following separation of these
peptides using reverse-phase HPLC (RP-HPLC), their individual molecular weights were determined
using fast bombardment mass spectrometry (FAB-MS). Three peptides contained a single acetylated
amino group, three possessed two acetylated amino groups, and the last contained three acetylations. For
each peptide, the specific site of acetylation was confirmed using a scheme of tryptic digestion, under
nonreducing conditions, followed by RP-HPLC and FAB-MS. Biological profiles for each peptide were
obtained by analyzing their capacity to displace native '2*I-w-CgTx GVIA binding to rat hippocampal
membranes and to block K+-stimulated *Ca?* influx into chick brain synaptosomes. The data indicate
that successive additions of acetyl moieties to w-CgTx GVIA lead to a loss of both binding affinity and Ca?*
influx inhibitory potency. Within the monoacetylated series, acetylation of the amino terminal of Cys-1,
as compared to the e-amino group of either Lys-2 or Lys-24, leads to the greatest shift in potency. In
summary, these results indicate that basic (i.e., primary amino) groups, which are brought into close
proximity as a result of disulfide bridging, are important in the functional blockade of neuronal Ca?*
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channels by w-CgTx GVIA.

Venom from the fish-hunting cone snail species Conus
geographus contains a family of highly homologous, basic
peptides known as w-conotoxins (w-CgTx)! that block voltage-
dependent Ca2* channels (VDCC) (Olivera et al., 1984, 1990;
Cruzetal., 1988). w-Conotoxin GVIA (w-CgTx GVIA), the
best characterized member of this family, is a 27 amino acid
(aa) peptide containing hydroxylated prolines, an amidated
carboxy terminus, and 3 intramolecular disulfide bonds with
the following linkage: 1-16, 8-19, and 15-26 (Olivera et al.,
1984; Nishiuchi et al., 1986). Initial functional studies
indicated that w-CgTx GVIA is a potent, irreversible blocker
of a subclass of VDCC as defined by its species- and tissue-
dependent blockade (Cruz & Olivera, 1986; Reynolds et al.,
1986; Cruz et al., 1987; McCleskey et al., 1987; Kasai et al.,
1987; Suszkiw et al., 1987). Specifically, w-CgTx GVIA
selectively interacts with neuronal versus nonneuronal VDCC
and preferentially blocks the influx of Ca?* into avian,
amphibian, and fish nerve terminals versus mammalian nerve
terminals [for a review, see Cruz et al. (1988)]. Within
mammalian tissues, both peripheral and central nerve ter-
minals contain w-CgTx GVIA-sensitive sites as demonstrated
by the potent blockade of norepinephrine release from rat
sympathetic neurons (Hirning et al., 1988) and from rat brain
slices (Dooley et al., 1987; Keith et al., 1989). Similarly,
whole cell Ca2* measurements indicate that w-CgTx GVIA
blocks VDCC associated with central as well as peripheral
cell bodies although larger effects are observed peripherally.
Evidence of further selectivity has been obtained from studies
demonstrating that w-CgTx GVIA specifically blocks N-type
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Ca?* current without obvious effects on T-, L-, or P-type
currents (Plummer et al., 1989; Aosaki & Kasai, 1989; Mintz
et al, 1992). Binding studies performed with forskolin-
differentiated NG108-15 neuroblastoma cells indicate that
w-CgTx GVIA binds to two sites with differential affinity
(Werthetal., 1991). Furthermore, differentiated PC12 cells
contain a residual N-type Ca2* current following irreversible
inhibition by w-CgTx GVIA which is reversibly inhibited by
the toxin (Plummer et al., 1989).

In conjunction with studies designed to better characterize
the pharmacological specificity of w-CgTx GVIA, attempts
have been made to either identify or design smaller molecules
that mimic the function of this peptide. Due to the three
intramolecular disulfide bridges, the secondary structure of
w-CgTx GVIA is highly constrained. Three-dimensional
molecular models of this constrained structure have been
developed by us to determine the exact position of specific
amino acid residues. In an attempt to extract information
from these models, structure-activity profiles have to be
generated following manipulations to the w-CgTx GVIA
structure. Thisstudy presents data documenting the structural
and biological effects observed following brief exposure of
w-CgTx GVIA tononsaturating quantities of acetic anhydride.
It was hoped that under these conditions acetylation of the
three primary amino moieties associated with Lys-2, Lys-24,
and N-terminal Cys would be obtained. These primary amino
moieties were felt to be important to the function of w-CgTx
GVIA because of two observations. First, w-CgTx GVIA
and other w-CgTx are basic peptides. Second, we have
observed that aminoglycoside antibiotics (i.e., neomycin,
gentamycin, and kanamycin) and polyamines (i.e., spermine
and spermidine) are capable of interacting with the w-CgTx
GVIA binding site and blocking the function of VDCC (Keith
et al,, 1990, 1992; Pullan et al., 1990). Similarly, neomycin
has been shown to inhibit the specific binding of 125I-w-CgTx
GVIA (Knaus et al., 1987; Wagner et al., 1988; Stumpo et
al., 1991).

© 1993 American Chemical Society
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EXPERIMENTAL PROCEDURES

Materials. w-CgTx GVIA was purchased from Penisula
Labs, Inc., Belmont, CA. Sequencing-grade trypsin was
obtained from Boehringer Mannheim, Inc., Indianapolis, IN.
125].-CgTx GVIA and 4*Ca?* were purchased from NEN/
DuPont, Inc., Boston, MA. All other chemicals used were
either HPLC or reagent grade.

Reverse-Phase HPLC (RP-HPLC). Reverse-phase HPLC
(RP-HPLC) was performed using a Zorbax Rx-C8 analytical
(15 em X 4.6 mm) column purchased from Rockland
Technologies, Inc., West Chester, PA. All separations were
done using a 1 mL/min flow rate of the following mobile
phase: buffer A, 0.1% TFA /H,0; buffer B, 0.1% TFA /CH:-
CN. Detection of eluting peptides was monitored via UV
spectroscopy at 215 nm. Concentrations of individual de-
rivatives were deduced by calculating peak areas of the 215-
nmsignal and then normalizing these values against the signal
obtained for a known concentration of native w-CgTx GVIA.
A complete UV spectrum was obtained for several derivatives
to ascertain whether the 274-nm (A\nax Tyr) signal was in
accordance with that obtained at 215 nm.

Acetylation. Acetic anhydride, diluted in methanol, was
added directly to lyophilized w-CgTx GVIA at a 1:1 molar
ratio, allowed to react for 60 s prior to addition of 0.33 volume
of H,O, and then dried to completeness. Following resus-
pension in 0.1% TFA /H,0, the acetylated sample was applied
to the C8 RP-HPLC column (H,O/CH;3;CN gradient; 90:
10-70:30 over 20 min with a 2.5-min delay). Individual peaks
were collected, vacuum-dried, and then submitted for FAB-
MS analysis to determine the incorporation of acetyl moieties.
Stoichiometric adjustment of the acetic anhydride:w-CgTx
GVIA molar ratio to 1.5:1 was performed in certain cases to
increase the yields of the di- and triacetylated derivatives.

Tryptic Digestion of Acetylated Derivatives. Proteolysis
was performed by dissolving 50 ug of substrate into 100 uLL
of 100 mM Tris/20 mM CaCl; buffer (pH 7.8) that contained
trypsin at a 50:1 molar ratio of substrate to enzyme.
Incubations were carried out at 37 °C for 16 h. For each
digestion, the major tryptic fragment was collected following
RP-HPLC (H,0/CH;CN; 100:0-60:40 over 40 min with a
2.5-min delay), vacuum-dried, and then resuspended in 10 uLL
of 0.1% TFA/H»O for MS analysis.

Fast Atom Bombardment Mass Spectrometry. Mass
spectral analysis was performed on a VG 70-VSE magnetic
sector mass spectrometer at 1000 resolution. Ions were
produced by fast atom bombardment using 8-kV xenon atoms.
The distribution of positive ions sputtered from a sample/
matrix-coated stainless-steel surface was measured. The
matrix consisted of 3:1 dithiothreitol /dithioerythritol (magic
bullet).

125[.4-CgTx GVIA Binding Assay. '»I-w-CgTx GVIA
binding to fresh crude hippocampal synaptic membranes (10
ug of protein per assay) was performed as previously described
by Stumpo et al. (1991) and modified from Abe et al. (1986).
Individual test compounds (i.e., acetylated w-CgTx GVIA
derivatives) were preincubated with the hippocampal mem-
brane tissue in 5 mM HEPES//Tris buffer, pH 7.4, for 30 min
prior to the addition of 20 pM 125I-w-CgTx GVIA. Following
incubation for 30 min at 24 °C, the reaction mixture was
filtered through glass fiber filters using a Skatron cell harvester.
Filters were rinsed twice with 5 mM HEPES (pH 7.4), 150
mM NaCl, and 0.2% BSA buffer. Nonspecific binding was
defined as that remaining in the presence of 100 nM w-CgTx
GVIA,

Lampe et al.

1201

1001

1

Intensity (mV)
3

111
20- VL \
M Ly LM ]
0 1 Il Il Il 1 i
00 25 50 7.5 100 125 150 17.5 200
Time (minutes)

FIGURE 1: Reverse-phase HPLC chromatogram of acetylated
w-CgTx GVIA. The acetylation reaction was conducted usinga 1:1
molar ratio of acetic anhydride to w-CgTx GVIA. Separation was
performed as described in the text with detection at 215 nm (0.2
absorbance unit = 1 V).

K*-Stimulated *Ca?* Influx into Chick Synaptosomes
(P2 Pellets). Synaptosomes (P2 pellets) were prepared from
whole chick brain as basically described by Reynolds et al.
(1986) for rat brain tissue. Briefly, tissue was homogenized
in 9 volumes of 0.32 M sucrose using a loose-fitting motor-
driven Teflon—glass homogenizer. The supernatant from a
1000g spin (10 min) was diluted 1:1 with a Krebs—Ringer
buffer (KRB) containing choline chloride substituted for NaCl
(composition in millimolar:choline chloride, 140; KCl, 5;
MgCl,, 1.3; glucose, 10; Na-HEPES, 10; pH 7.45; aerated
with O, for 60 min) prior to centrifugation at 10000g for 15
min. Resuspension of the pellet was done in 3 mL of KRB/g
wet weight of tissue with gentle (5 strokes) homogenization.
Synaptosomes (50 uL /tube) were kept on ice for 30 min during
which time the w-CgTx GVIA derivatives were preequilibrated
with the tissue. 43Ca?* influx was initiated by the addition
of 450 uL of either low (5 mM) or high (50 mM; isoosmotic
substitution with choline chloride) K*-containing KR B spiked
with approximately 2 uCi/mL 4Ca?*/1 mM CaCl,. Rapid
quenching of the influx, following a 1-s incubation period,
was accomplished by adding 3 mL of KRB that contained 10
mM NaEGTA isoosmotically substituted for choline chloride.
Samples were immediately filtered through Whatman GF/C
glass fiber filters using a Hoefer FH225V filtration instrument.
Filters were washed with 3 X 4 mL of wash KRB (composition
in millimolar:choline chloride, 139; KCl, 5; MgCl,, 1.3; LaCl;,
2; glucose, 10; Na-HEPES, 10; pH 7.45) and dried at 24 °C
for 16 h, and the retained radioactivity was determined by
liquid scintillation spectroscopy. Net voltage-dependent
45Ca2* uptake was determined as the difference between up-
take in the high-K* and low-K* KRB buffers.

RESULTS

Derivatization of «w-CgTx GVIA, using nonsaturating
concentrations of acetic anhydride, generated eight distinct
RP-HPLC peaks (Figure 1). The average molecular weight
of the (M + H)* ion for each of the HPLC peaks is shown
inFigure 2. Peak 1 contained residual, unreacted (i.e., native)
w-CgTx GVIA at m/z = 3038.1. Peaks 2—4 are shifted 42
Da higher to m/z = 3080.0, 3080.2, and 3080.3, respectively,
which corresponds to a single acetylation. Anadditional mass
shift of 42 Da (m/z = 3122.4, 3122.3, and 3122.3) was
observed for peaks 5-7, indicating the presence of the
diacetylated species. Peak 8,at m/z =3164.4, contained the
triacetylated derivative.

Positional assignment of the site of acetylation(s) for each
modified species was accomplished using tryptic digestion,
without prior disulfide reduction, followed by FAB-MS
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FIGURE 2: Positive ion FAB mass spectra of RP-HPLC peaks 1-8 from Figure 1. The mass signal is expressed as the relative intensity along

the y axis.

analysis of the major tryptic fragment. The rationale for
assignments is schematically presented in Figure 3 and is based
upon the potential acetylation of the three primary amines
located at the N-terminus, Lys-2 and Lys-24, the Lys-Arg
sequence at positions 24-25, and the blockage of tryptic
reactivity following acetylation of the Lys residues. Specif-
ically, acetylation of the N-terminus does not interfere with
cleavage of any peptide bonds and the concomitant addition
of H,O at these sites, whereas acetylation of the e-NH; of a
Lys residue will selectively prevent tryptic hydrolysis at this
location. Furthermore, lack of acetylation at Lys-24 will lead
toa mass decrease due to the loss of Arg-25 from the molecule.
Therefore, each of the possible acetylated w-CgTx GVIA
derivatives will possess a unique molecular weight after tryptic
digestion as discussed below. When the a-NH; of Cys-1 is
acetylated, a mass of 2978.2 daltons will be observed for the
(M+H)* ion which corresponds to a 42-dalton mass increase
vs native, digested w-CgTx GVIA (i.e., the same mass shift
asfor nondigested entities). Acetylationof the e-NH;of Lys-2
will block tryptic cleavage at this position, and the observed
mass of 2960.2 daltons will be 18 daltons lower than that
determined for the NH,-terminal acetylated species. Mod-
ification of the e-NH; of Lys-24 will block tryptic cleavage
at this position, allowing for the Arg residue at position 25 to
be retained and an increase of 156 daltons (m/z = 3134.4)
to be observed vs the NHj-terminal derivative. Similarly, the

diacetylated derivatives will reflect the three potential per-
mutations available with a resultant observed mass of either
3002.2 (acetylation of the N-terminus and Lys-2), 3158.5
(acetylation of Lys-2 and Lys-24), or 3176.5 daltons (acety-
lation of the N-terminus and Lys-24) for the (M+H)* ion.
It is essential to remember that although the w-CgTx GVIA
(i.e.,each w-CgTx GVIA derivative) molecule has undergone
proteolytic cleavage, it is still a single chemically bonded entity
(+Arg-25) under nonreducing conditions on the basis of the
disulfide bridging.

As shown in Figure 4, the anticipated mass spectral values
were obtained for the mono- and diacetylated derivatives and
the definitive assignments made as follows: peak 2, acetylation
of Lys-2; peak 3, acetylation of the N-terminus; peak 4,
acetylation of Lys-24; peak 5, acetylation of the N-terminus
and Lys-2; peak 6, acetylation of Lys-2 and Lys-24; peak 7,
acetylation of the N-terminus and Lys-24. Analysis of the
HPLC profile (Figure 1), in conjunction with the specific
assignments, confirms that the N-terminus is acetylated to a
greater extent than the e-NH; group of either Lys residue
under these reaction conditions. Consequently, the yield of
peak 3 versus either peak 2 or peak 4 was consistently higher
within the monoacetylated series. Within the diacetylated
series, higher yields of peak 7 were obtained, and in most
cases, it was very difficult toisolate the diacetylated derivative
peak 6 in large quantities due to its presumed propensity to
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FIGURE 3: Schematic representation of the potential tryptic cleavage sites (vertical dashed lines) and the potential sites of acetylation (Ac)
within w-CgTx GVIA. At the top, the linear sequence of native, oxidized w-CgTx GVIA is given. Mass values presented in the right-hand
column are for the protonated molecular ion following tryptic digestion. The blank space between the two vertical dashed lines refers to the

elimination of Arg from the molecule.

be further derivatized to the triacetylated species. Addition-
ally, it was observed that peaks 2 and 5 were relatively more
difficult to isolate vs peaks 4 and 7, indicating the e-NH; of
Lys-2 was less reactive than that of Lys-24.

To evaluate the biological significance of these modifica-
tions, each acetylated derivative was tested for its ability to
inhibit the binding of %I w-CgTx GVIA to hippocampal
membranes (Figure 5). As mentioned, concentrations were
deduced and normalized based upon the peak area of the UV
signal at 215 nm using a known solution of native w-CgTx
GVIA as the standard. Comparative UV spectra for several
of the acetylated derivatives indicated that the absorbance at
274 nm (Amax Tyr) was in good agreement with the 215-nm
data. Thedifferential displacement profiles obtained indicate
that successive additions of acetyl moieties lead to a loss of
activity (i.e., triacetylated < diacetylated < monoacetylated).
Within the monoacetylated series, modification of the «-NH;
of Cys-1 resulted in a significant decrease in binding affinity
whereas derivatization of the e-NH; of either Lys-2 or Lys-24
had minimal or no effect, respectively. For the diacetylated
derivatives, acetylation of Lys-24 and the N-terminus led to
the greatest loss in binding affinity. The triacetylated peptide
was the least active of all derivatives and showed about a
100-fold decrease in potency versus native w-CgTx GVIA.

A similar functional profile was obtained for the acetylated
derivatives when their ability to inhibit K*-stimulated +°Ca2*
influx into chick brain synaptosomes was measured (Table I).
Due to limited sample quantities, single doses of either 0.1 or
1 uM were analyzed, and complete concentration response
curves were not performed. As shown, successive additions
of acetyl moieties led to a decrease in functional potency.
Again, acetylation of the N-terminus resulted in the greatest
loss of activity within the monoacetylated series.

DISCUSSION

Acetylation of w-CgTx GVIA, under the reaction conditions
stated, generated seven distinct derivatives. Three of these
derivatives were determined to be monoacetylated, three were
diacetylated, and one was triacetylated. Additionalstructural
studies, using tryptic digestion and FAB-MS, confirmed that
these derivatives were formed as a result of an electrophilic
attack upon primary amines by acetic anhydride. Attack at
other potentially reactive nucleophilic sites, such as tyrosyl
and cysteinyl residues, did not occur. As expected, none of
thesix cysteine residues were available for derivatization since
the three disulfide bridges found in the native confirmation
were maintained. Circular dichroism measurements for the
native vs mono-, di-, and triacetylated derivatives also indicated
that no major perturbation of the secondary structure occurred
as a result of modification (data not shown). As discussed,
retention of the disulfide bonds during tryptic digestion was
critical to the isolation of a single RP-HPLC peak for FAB-
MS and positional assignment.

The biological ramification of these structural alterations
supports our previous observations (Keith et al., 1990) that
primary amino groups are important to the function of w-CgTx
GVIA. Asreported, successive acetylations of w-CgTx GVIA
led to a decrease in binding affinity and functional potency.
Preliminary in vivo data also indicate that the triacetylated
species is without effect, and the diacetylated derivatives less
effective than either the mono or the native species in inducing
tremors or convulsions following ICV injections into mice (J.
Patel, ICI Pharmaceuticals, personal communication). Ad-
ditionally, this loss of activity is sequence-specific and not
simply due to nonselective steric hindrance or lowering of
basicity since significant differences were determined within
the monoacetylated series. This observationis not unexpected
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due to the high degree of secondary structure implied by the
three disulfide bridges. Specifically, the a-NH; of Cys-1
appears to be a larger determinant in the recognition site of
w-CgTx GVIA than the ¢-NH; of either Lys-2 or Lys-24.
N-Terminus extension experiments, in conjunction with amino
acid substitutions involving Lys-2 and Lys-24, would help to
address this issue.

In conclusion, these data demonstrate that selective mod-
ifications of the primary amines of w-CgTx GVIA can be

Table I:  Inhibition of ’Ca?* Influx into Chick Synaptosomes by
Acetylated w-CgTx GVIA Derivatives?

compound % inhibition =~ compound % inhibition
w-CgTx GVIA (0.1 uM) 92+3 peak 5 (1 uM) 48 £ 3
peak 2 (0.1 uM) 44x4 peak 6 (1 uM) 3248
peak 3 (0.1 uM) 2%6 peak 7 (1 uM) 54%3
peak 4 (0.1 uM) 51+10  peak 8 (1 uM) 5£2

4 Each value represents the mean of duplicate samples performed in
triplicate.

performed. More importantly, these modifications can be
structurally confirmed using a scheme of tryptic digestion
followed by FAB-MS to ascertain their biological relevancy.
Using these tools, we can further explore the SAR of w-CgTx
GVIA interaction with VDCC. It is felt that this approach
will lead to the development of a reversible but still selective
w-CgTx GVIA ligand which can be utilized for future
pharmacological studies.
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