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ABSTRACT The importance of arginine residues 13 and
14 in the bee venom neurotoxin, apamin, was tested by the
synthesis of replacement analogs. [13,14-di-N6-trifluoroacetylor-
nithinejApamin was synthesized by the solid phase method on
a benzhydrylamine resin. It was deprotected to [13,14-diorni-
thinelapamin, which was then guanidinated to produce the 4-
homoarginine-13,14-diarginine analog, [Har4Japamin. Neither
the trifluoroacetylornithine analog nor the ornithine analog
produced any detectable symptoms when injected intravenously
into mice. However, the synthetic [Har4Japamin exhibited the
full neurotoxic activity of native apamin and of [Har4Japamin
derived from the natural toxin. This provided an internal
structural control for the correctness of the primary structure
of the inactive synthetic analogs and strengthened the conclu-
sion that one, or both, of the arginine residues plays an impor-
tant role in the action of apamin.

Caution must be exercised in interpreting results from synthetic
peptide analogs that are inactive or of low activity (1-3). The
lack of activity may be a consequence of the new structure itself
or of an unrecognized difficulty in the synthesis that resulted
in an incorrect sequence or in a structural modification. We
think this uncertainty can be overcome in selected cases, and
would like to emphasize the concept of an internal structural
control for inactive synthetic peptide analogs. If the analog can
be converted by a simple reaction into a fully active peptide that
is identical with the naturally occurring parent molecule, we
have provided an internal control for the correctness of the
structure of the inactive peptide.

Several examples of such conversions can be found, although
we have not located a reference to the idea of using them as
internal structural controls for the purpose just outlined. The
most common examples are those involving the conversion of
inactive protected peptides into active free peptides by
chemical deprotection steps (4, 5) or the enzymic formation of
active peptides from synthetic precursors of low activity (6-8).
For structure-function studies the most useful interconversion
would involve the change of one amino acid residue into an-
other. A pertinent transformation of this type is the conversion
of an ornithine residue to an arginine residue by guanidination.
This approach to the synthesis of arginine-containing peptides
was suggested by Fruton (9) and has been applied several times
(10-14).
We have undertaken to test the value of an internal structural

control in a study of the role of arginine in the neurotoxin,
apamin. This octadecapeptide from bee venom has been iso-
lated and purified (15), its structure determined (16-18), and
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its synthesis described (19). Chemical modification suggested
that the two arginines at positions 13 and 14 might be required
for activity (20). Therefore, a synthetic approach to the question
was designed in which positions 13 and 14 would contain Nk-
trifluoroacetylornithine in place of arginine. The trifluoroacetyl
groups could be removed to give the diornithine derivative and
it in turn could be guanidinated to the diarginine derivative.
Although the latter would also contain homoarginine (Har) at
position 4, it was an acceptable target molecule because it was
already known (20) that [Har4]apamin, the 4-homoarginine-
13,14-diarginine analog derived from native apamin, is fully
active. Thus, if either [Orn(Tfa)13"14]apamin or [Ornl3.l4]apa-
min was inactive and could be converted into [Har4]apamin
that was fully active, we would have the desired internal
structural control from which reliable conclusionst about these
replacements of arginine could be drawn.

MATERIALS AND METHODS
Reagents. Dichloromethane (Eastman) was distilled from

Na2CO3 and diisopropylethylamine (Aldrich) was distilled from
ninhydrin. Commercial Na-Boc-amino acids were checked for
homogeneity by thin-layer chromatography. Na-Boc-Nim-
Dnp-L-histidine was recrystallized in 70% yield from isopro-
panol (21).

S-(4-Methylbenzyl)-L-cysteine was prepared in 82% yield
by the method of Erickson and Merrifield (22) and was con-
verted to the tert-butyloxycarbonyl derivative with t-butyl-
azidoformate by the Schnabel method (23) under an inert at-
mosphere to prevent formation of traces of the sulfoxide (S.
Kent and D. Live, unpublished data). Yield 58%; mp 740;
thin-layer chromatography, RF 0.91, in chloroform/metha-
nol/acetic acid (85:10:5). Anal. Calcd. for C16H23N02S: C,
59.08; H, 7.08; N, 4.31. Found: C, 59.14; H, 7.03; N, 4.17.

N6-Trifluoroacetyl-L-ornithine [Orn(Tfa)] was prepared by
treatment of ornithine with S-ethyl thioltrifluoroacetate (24),
purified on a silica gel column in butanol/acetic acid/water
(4:1:1), and recrystallized from 50% ethanol. Yield, 40%; mp
228-231'; thin-layer chromatography, RF 0.45, in butanol/
acetic acid/water (4:1:1). Anal. Calcd for C7H11F3NO3: C,
36.80; H, 4.86; N, 12.13. Found: C, 36.80; H, 4.84; N, 12.20.

Boc-Orn(Tfa) was synthesized by an anhydrous reaction of
N6-Tfa-Orn with tert-butylazidoformate and triethylamine
in dimethyl sulfoxide based on a method of Stewart and Young
(25).

[U-'4C]Glutamine (0.1 mCi/mmol) and [G-3H]asparagine
(1 mCi/mmol), Schwartz-Mann, were converted to the N"--
tert-butyloxycarbonyl derivatives with tert-butylazidoformate

f Subject to the reasonable assumption that an unrecognized modifi-
cation that is without effect in the parent structure will not become
of major importance in the analog.
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FIG. 1. Protected [Ornl3,4]apamin-benzhydrylamine-resin.
in aqueous dioxane containing magnesium oxide according to
Schwyzer et al. (26).
The Instrument. The peptide was synthesized on the auto-

mated Beckman peptide synthesizer model 990 which had been
modified to perform the functions in the order: meter, drain,
transfer, mix. This allowed the instrument to meter the next
reagent while still mixing the previous one and resulted in a
substantial saving in time. Contamination of the reaction vessel
was minimized by positioning three rinse ports between the
stirring-drive magnets. The ports connected directly (without
passing through a metering vessel) to a dichloromethane res-
ervoir, which was programmed to be pressurized concurrently
with another metered reservoir.

Synthesis of the Peptide. The peptide was synthesized by
the solid-phase method (2, 27, 28) using the protecting groups
shown in Fig. 1. The synthesis consisted of a stepwise double
coupling with dicyclohexylcarbodiimide-activated Boc-amino
acids according to the following automated protocol: (1) 50%
trifluoroacetic acid/CH2Cl2 for 2 min, (2) 50% trifluoroacetic
acid/CH2Cl2 for 30 min, (3) CH2Cl2 seven times for 2 min, (4)
isopropanol (iPrOH) twice for 2 min, (5) CH2Cl2 five times for
2 min, (6) iPrOH twice for 2 min, (7) CH2Cl2 five times for 2
min, (8) 5% diisopropylethylamine/CH2CI2 three times for 2
min, (9) CH2Cl2 five times for 2 min, (10) iPrOH twice for 2
min, (11) CH2Cl2 five times for 2 min, (12) 3 equivalents of
Boc-amino acid/CH2Cl2 for 5 min, then 3 equivalents of di-
cyclohexylcarbodiimide/CH2Cl2 for 120 min, (13) CH2Cl2 five
times for 2 min, (14) iPrOH twice for 2 min, (15) CH2Cl2 five
times for 2 min, (16) iPrOH twice for 2 min, (17) CH2Cl2 five
times for 2 min, and (18) repeat steps 8-17. Since Boc-Asn and
Boc-Gln were coupled as the hydroxybenzotriazole esters (29),
the automated procedure was interupted before those coupling
steps. The dicyclohexylcarbodiimide 3 equivalents and hy-
droxybenzotriazole 3 equivalents in dimethylformamide were
mixed at 00, the Boc-amino acid 3 equivalents in dimethyl-
formamide were added, and the resulting solution was imme-
diately added manually to the reaction vessel. The automated
mode was then resumed.

Determination of Toxicity. The toxicity of the peptides was
determined by the lethality after intracaudal injection in mice.
The samples were dissolved in sterile saline so that 100 ,l would
contain approximately one LD5o. (LD5o is the dose at which
50% of the animals died.) Then six groups of six mice each
(male, 20 ± 2 g, Rockefeller Institute strain Swiss white mice)
were injected with 50-160 ,l. The animals became quiet for
a dose-dependent period of a few minutes, then hyperactive,
and finally died of respiratory failure. The numbers of deaths
after 24 hr were counted and the data were evaluated by the
method of Litchfield and Wilcoxon (30).

RESULTS
Synthesis of Boc-Cys(MeBzl13H]Asn-Cys(MeBz1)
Lys(Z)-Ala-Pro-Gly(OBzlThr(Bzl)Ala-Leu-Cys(MeBzl-
Ala-Orn(Tfa)Orn(Tfa)Cys(MeBzlGln414CJGln-His-
(Dnp)benzhydrylamine-resin
The synthesis began with 5.00 g (0.48 mmol of amine per g) of
benzhydrylamine resin (31). Boc-His(Dnp) (2.4 mmol) was

coupled with dicyclohexylcarbodiimide-activation to give a
resin containing 0.27 mmol of His per g of resin. The remaining
sites were acetylated with acetylimidazole. The protected
peptide was then assembled in a stepwise manner on the pep-
tide synthesizer by the protocol given under Materials and
Methods. Each nonlabeled residue was coupled twice with 3
equivalents of Boc-amino acid and 3 equivalents of dicyclo-
hexylcarbodiimide relative to the histidine content in a minimal
volume of CH2Cl2. Boc-Glnl7 was introduced with a 14C label,
and Boc-Asn with an 3H label. In the first coupling only 0.5
equivalent of radioactive Boc-amino acid was used, and this was
followed with two additional couplings with 3 equivalents of
nonlabeled amino acid. The specific activity of the peptide
chain was 55 MCi of 14C per mmol and 590 uCi of 3H per
mmol.
A sample was removed for analysis of unreacted amino

groups by the fluorescamine method (32) after the third cou-
pling of Asn2 and Glnl7 and the second coupling of the other
residues. All of these tests were negative. Based on the published
sensitivity (32), less than 0.3% of a deletion could be expected
at any residue of this synthesis. The synthesis was also monitored
by amino acid analysis. The observed amino acid ratios indi-
cated good coupling at each step, and there was no significant
loss of peptide chains from the resin support during the synthesis
(0.26/mmol of peptide per g of resin after the last residue). At
the end of the synthesis the Boc group was removed in trifluo-
roacetic acid and His(Dnp) was deprotected with 2.5% thio-
phenol in dimethylformamide for 1 hr. The peptide-resin was
removed from the reaction vessel and dried under reduced
pressure at 25°. Found, 9.02 g; calculated, 8.84 g.

Preparation of [Orn(Tfa)13,14Japamin
A 2.00-g sample (303 ,umol) of the partially protected pep-
tide-resin was treated with HF containing 10% anisole for 30
min at 00. This cleaved the peptide and removed the remaining
protecting groups, except Tfa on the ornithines. The peptide
was extracted with 5% acetic acid and lyophilized; the yield was
234,umol (77%).

Reduction and Chromatographic Purification. The
cleavage product was reduced with dithiothreitol under ni-
trogen in pH 9 Tris for 2 hr. It was desalted on Sephadex G-25
in 5% acetic acid containing 1 mM EDTA and 2 mM di-
thiothreitol. The main peak of radioactivity had a nearly con-
stant 3H/14C cpm ratio of 5.5 + 0.2. It was rechromatographed
on Whatman CM-52 carboxymethylcellulose with a linear
gradient of ammonium acetate, pH 4.65, 0.025-1.00 M, con-
taining 1 mM EDTA and 2mM dithiothreitol. The main peak
of radioactivity (72 Mmol) was poured into 3 liters of 0.1 M
Tris.HCl, pH 8. To promote disulfide exchange, 1.3 mmol of
2-mercaptoethanol was added and the solution was stirred in
an open beaker for 5 days, after which no sulfhydryl remained.
The lyophilized material was desalted on Sephadex G-25 in 5%
acetic acid. The radioactive peak yielded 39 ,mol of pep-
tide.
Preparation of [Orn13'14japamin
A 1.00Wg sample (152 ,umol) of the synthetic protected pep-
tide-resin, from which the Na-Boc and N"m-Dnp groups had
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Protected peptide-resin

1, Thiophenol
2, HF

[Orn(Tfa)"3l4]Peptide
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3, Sephadex G-25

[Orn'3"4] Peptide(SH)4

i Oxidize
[Orn'3"14] Peptide (-S-S-),

| 1, CM-52
2, Sephadex G-25

[Orn'3"14] Apamin
1, 0-Methylisourea
2, Sephadex G-25
3, CM-52
4, Sephadex G-25
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91%
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153%
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FIG. 2. Preparation of synthetic apamin analogs.

been removed, was cleaved with 9 ml of HF containing 1 ml
of anisole for 1 hr at 0°. The yield was 138 ,umol (91%). The
procedure is summarized in Fig. 2.
Removal of Tfa Groups, Reduction, and Desalting. The

cleavage product was treated with 60 ml of 1 M aqueous pi-
peridine at 00 for 2 hr. Solid Tris (1.45 g) was added and the pH
was adjusted to 8 with HOAc. Nitrogen was bubbled through
for 15 min, dithiothreitol (0.6 g) was added, the solution was
flushed again with N2, and the flask was stoppered. After 10
hr, 10 ml of HOAc was added and the solution was desalted on
a Sephadex G-25 column in 5% acetic acid at 40 under N2.

Oxidation and Ion-Exchange Chromatography. The main
peak of radioactivity (122 ,umol) was pooled and poured into
3.5 liters of 0.1 M Tris-HCI and adjusted to pH 8. After the so-
lution had been stirred in an open beaker for 48 hr no free
sulfhydryl could be detected with 5,5'-dithiobis(2-nitrobenzoic
acid). The oxidized peptide was chromatographed on a 2.8 X
l1-cm column of CM-52 at pH 5.1 in 0.1 M ammonium acetate.
The fractions between 330 and 434 ml were desalted on Se-
phadex G-25 in 0.05 M acetic acid. Radioactivity showed a
single peak, which was pooled and lyophilized. The yield was
39.2 ,umol.
The location of the S-S bonds has not been established with
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FIG. 3. Chromatographic purification of [Har4japamin on a

carboxymethylcellulose column. Solid line, 14C counts; broken line,
ammonium acetate concentration.
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FIG. 4. Gel electrophoresis of apamin analogs. Gels were 30%
polyacrylamide/0.3% NN'-methylenebisacrylamide, run in 0.9 M
acetic acid for 5 hr at 150 v. Stained with amido black and only slightly
destained before photographing. Samples (40 ,ug in 10% glycerol) are:
A, natural apamin; B, synthetic [Har4japamin; C, synthetic
[Orn13'14Japamin. The stippled area on gel B shows the position of the
running dye, methyl green.

certainty, but there is evidence that it is the same as in native
(18) and previously synthesized (19) apamin.

Preparation of [Har4Japamin

Guanidination (33). Lyophilized [Ornl'34]apamin (29.4
,umol) was dissolved in 5 ml of water and mixed with 5 ml of 1
M O-methylisourea that had been adjusted to pH 11 with
NaOH. The a-amino group does not guanidinate under these
conditions (34). After 7 days the solution was acidified with 5
ml of HOAc and desalted on Sephadex G-25. The main com-
ponent was separated from a retarded peak that contained
about 5% of the total 3H but no 14C.
Chromatographic Purification. The desalted, guanidinated

peptide was chromatographed on a 2.1 X 5.5-cm column of
CM-52 with a 600-ml linear gradient from 0.05 to 1.00M am-
monium acetate, pH 5.1 (Fig. 3). 14C counts showed a small
by-product at 189 ml and the main peptide at 239 ml. Material
from this peak was pooled, desalted on Sephadex G-25 in 0.05
M HOAc, and Iyophilized. The yield was 15.6,uimol.

Characterization of [OrnM3""4JApamin and [Har4JApamin.
The synthetic peptides and native apamin were examined by
gel electrophoresis (35) (Fig. 4). The bands of the two synthetic
peptides and the native peptide were comparably sharp and
homogeneous by this technique.

Table 1 presents amino acid analyses for native apamin and
the synthetic apamin analogs. They show quite acceptable ratios
of amino acids and demonstrate clearly the disappearance of
the three equivalents of lysine plus ornithine upon guanidina-
tion and the appearance of one equivalent of homoarginine and
two equivalents of arginine.
Neurotoxic Activity. The apamin derivatives were assayed

by injection into the caudal vein of mice. The LD50 of native
apamin for 20-g mice has been reported to be 40-50 nmol (36);
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Table 1. Amino acid molar ratios in acid hydrolyzates of apamin
and synthetic apamin analogs

Amino [Orn(Tfa)'3'14J- [Ornl3'141- [Har4l- Native
acid Apamin Apamin Apamin* apamint

Lys + Orn 2.98 3.04 <0.01 1.06
Arg 0 0 2.01 2.06
Har 0 0 1.00 0
His 1.07 1.12 1.00 0.97
Asp 0.93 0.95 0.97 1.03
Thr 0.90 0.81 1.07t 0.88
Glu 3.01 3.01 2.91 3.09
Pro 1.20 1.02 1.01 N.D.
Ala 3.01 2.99 2.97 2.95
Cys N.D.§ 3.681 3.7811 N.D.
Leu 1.01 0.88 1.06 1.05

* Average of nine analyses, three each at 24, 48, and 72 hr.
tNatural apamin was a gift of Dr. T. P. King.
t Extrapolated to zero hydrolysis time.
§ Not determined.
Determined as ½ cystine.
Determined as cysteic acid.

we found a value of 47 nmol (Table 2). Guanidinated apamin
is reported to have an activity of 1.0 relative to the native apa-
min (20). The synthetic guanidinated apamin, [Har4]apamin,
was found to have an LD50 of 44 nmol, that is, within experi-
mental error it was as toxic as both the natural peptide and the
[Har4]apamin prepared from natural material. [Orn13"4]-
Apamin, the replacement analog containing ornithine residues
at positions 13 and 14 instead of arginines and retaining the
positive charge, elicited no toxic symptoms whatever at a dose
of 1200 nmol/20-g mouse. It was impractical to inject larger
amounts. If the analog had been 4% as active as natural apamin,
one half of the animals should have died; even if it had been
only 1% as active, very characteristic symptoms would have
appeared. [Orn(Tfa)13"14]Apamin showed no symptoms at a
dose of 280 nmol/mouse. Higher levels could not be tested.

DISCUSSION

The solid phase synthesis of fully protected resin-
bound [Orn13"14]apamin proceeded in a straightforward
manner. Fluorescamine monitoring indicated that the coupling
reactions were at least 99.7% complete; this finding is in line
with the quantitative preview data of Van Rietschoten et al.
(19) on their original solid phase synthesis of apamin itself, in
which they estimated an average yield of 99.3% for the coupling
reactions. The yields in the two HF cleavages were 77% and
91%, and the deprotections of Dnp-His and Tfa-Orn as well as
the guanidination reaction went in high yields. The main losses
occurred at the oxidation to the disulfide monomer and during
the several chromatographic steps, giving an overall yield of
only 14%. The synthetic [Orn 13"4]apamin and [Har4]apamin
were homogeneous by ion exchange chromatography and
polyacrylamide gel electrophoresis and gave good amino acid
analyses. There was no chemical reason to suppose that the
peptides were not pure and of the intended amino acid se-
quence.
The purpose of this work was to test the concept of an in-

ternal structural control for inactive synthetic peptide analogs.
Neither the [Orn(Tfa)13"14]apamin nor the [Ornl3"14]apamin
produced any symptoms of neurotoxicity whatever in mice at

Table 2. Neurotoxic activity of natural apamin and synthetic
apamin analogs

LD50* Relative
Compound (nmol) activity

Natural apamin 47 1.00
Natural [Har4japamin 1.00t
Synthetic [Har4]apamin 44 1.07
Synthetic [Orn13"14japamin >1200t No activity

(<1%)
Synthetic [Orn(Tfa)13'14]apamin >280t No activity

(<5%)

* Calculated from data at six concentrations on groups of six mice each
by the method of Litchfield and Wilcoxon (30).

t Taken from Vincent et al. (20).
t No observable symptoms at this dose.

the highest levels that could be tested. As expected, the guani-
dinated derivative containing arginines at positions 13 and 14
(as well as homoarginine at position 4) was fully as active as
natural apamin and [Har"Japamin derived from the native toxin
(20). These results provided the desired internal control and
strengthen the conclusion that analogs of the correct amino acid
sequence were synthesized. We can then conclude that the
observed inactivity of the ornithine derivatives was due to the
intended structure and not to an unrecognized error in se-
quence. In addition, we can infer that at least one of the argi-
nines at positions 13 and 14 plays an important role in the ac-
tivity of apamin, although the level at which it functions has
not been established. Arginine may provide electrostatic, steric,
or conformational properties that are necessary for proper
folding, stability, transport, or action at the receptor site.
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