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Pyrolysis of Alkaloid B. A vacuum distillation of 25 mg of
alkaloid B was performed at 200° (20 u). After 2 hr, the distil-
late (5.0 mg) was removed and identified as pleiocarpinine by tlc
and its mass spectrum. The residue was separated by tlc into
five fractions: (i) 10.5 me, (ii) 2.1 mg, (iii) 2.1 mg, (iv) 1.3 mg,
and (v) 0.5 mg. The mass spectrum of iv was that of pure pleio-
carpinine. Fraction ii was identical with N,-methyl-22-oxokopsane
(XIV).!e Fraction iii contained 3-isopleiocarpinine, distinguished
from pleiocarpinine by the marked intensity differences of peaks
mje 124 and 324 in the mass spectrum. These differences are re-
ported to be characteristic of the C-3 epimers.* Also present in
fraction iii was a dehydrogenated pleiocarpinine (V): mass spec-
trum mje 350 (M), 291, 263, 122, 107. Fractions i and v did
not give usable mass spectra, due to thermal decomposition;
these compounds may be rearrangement products of the amine
oxide IX.

Reaction of Alkaloid B with Phosphoric Acid-d;.. Alkaloid B
(5 mg) was refluxed for 1 hr in 1 ml of 50% phosphoric acid-d;
{from D,O and P,O;). The solution was neutralized with sodium
carbonate and extracted with chloroform. The product contained
considerable amounts of starting material, together with a small
amount of pleiocarpinine-d.. The latter was isolated by tlc.
Both deuterium atoms were in the aromatic nucleus;!d mass
spectrum m/e 354 (M™), 326, 323, 295, 267, 253, 231, 172, 124, 109,

(_)xidation of Plejocarpine (I) to Pleiocarpine Np-Oxide (VIII).
Pleiocarpine (I, 100 mg) in 0.5 ml of ethanol and 0.5 ml of hydrogen
peroxide (31 %) was stirred at room temperature for 24 hr. Water
(10 ml) was added and the solution was extracted with three 10-ml
portions of chloroform. After drying and evaporation of solvent,
the product was crystallized from ethanol-ether to give 84 mg of
pleiocarpine Np-oxide (VIII), mp 245-250° dec; mmp 245° with
alkaloid A; [a]*pD —137 % 3° (¢ 1.985, CHCly); A¥%® 206 mu
(log € 4.46), 244 (4.13), 280 (3.30), 287 (3.27); infrared and nmr
spectra identical with spectra of alkaloid A, except for the lack of
a peak at 3.33 ppm (CH;OH). No analogous signal could be de-
tected in the nmr spectrum for ethanol; the compound appears
to be a hydrate. Upon recrystallization from methanol-ether,
Ihedproduct exhibited an nmr spectrum identical with that of alka-
oid A.
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Abstract:

acetate decarboxylase to incorporate radiocarbon into the enzyme.
has led to the formation of a single radioactive peptide, which contains e-N-isopropyllysine,
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Sodium borohydride reduces a mixture of acetoacetic acid, labeled in the 3 position with 14C, and aceto-

Hydrolysis of the resulting protein with trypsin
(This amino acid arises

from reduction of a Schiff base between the enzyme and decarboxylated substrate.) Similarly, a single radioactive

peptide could be isolated after digestion with chymotrypsin.

Sequence analysis of these peptides shows that the

active site of the enzyme has the structure -Glu-Leu-Ser-Ala-Tyr-Pro-Lys*-Lys-Leu-, where Schiff base formation
and borohydride reduction occur at the starred lysine residue.

The decarboxylation of acetoacetic acid is catalyzed
by a crystalline decarboxylase from Clostridium
acetobutylicum.>* The reaction proceeds by the forma-
tion of a Schiff base between the enzyme and aceto-
acetate, followed by decarboxylation to form an
enamine; the enamine is in turn protonated to form the

i
ENH, + CH;COCH;COs~ + H* =—=> EN=CCH,CO,"
e Ilq
CHa CHS
[ H* 4+ é
ENHC==CH; —> ENH==CCH, )
+ CO.
ENH==C(CHy); + H:0 —> ENH; + (CH::CO + H* (2)
i
ENH==C(CHy): + BH,~ —> ENCH(CHy): 3)
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Schiff base salt of acetone, and then hydrolysis re-
generates enzyme and liberates product.’

This mechanism (eq 1 and 2) was first postulated in
1959 on the basis of the discovery® that the enzymic
decarboxylation involves the obligatory exchange of the
carbonyl oxygen atom of acetoacetate with oxygen
atoms of the solvent (water). It was confirmed by the
observation? that the reduction of a solution containing
enzyme and acetoacetate with sodium borohydride®
leads to inactivation of the enzyme. When the reaction
was carried out with acetoacetate labeled in the 3
position with 1“C, the resulting protein was radioactive,
and on hydrolysis yielded a single radioactive amino
acid. This amino acid has beeen identified as e-N-iso-
propyllysine,®® and it has been shown that it arises
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from the sequence of reactions shown as eq 1 and 3
above.

The enzyme contains about 20 lysine residues in each
active subunit!®!! of molecular weight about 33,000,
but only the particular lysine residue here identified is
reactive in Schiff base formation and catalysis. The
present paper reports the isolation of the peptide that
contains the essential lysine.

Experimental Section

Materials. Trypsin (crystallized twice), chymotrypsin (crystal-
lized twice), pepsin (crystallized twice), leucine amino peptidase, and
carboxypeptidase B were obtained from Worthington Biochemical
Corp. Acetoacetate decarboxylase, prepared by the procedure of
Zerner, et al.,* was crystallized three times, and showed an ODago/
ODaso ratio of greater than 2.15; its specific activity in arbitrary
units® was 34-40 units/mg.

e-N-Isopropyllysine and e-N-isopropyllysine methyl ester were
prepared by methods previously published.%!? The borohydride
reduction of the reaction mixture of enzyme and *¢C-labeled aceto-
acetic acid was carried out according to Warren, ef al.? Their
procedure leads to the formation of enzyme labeled with '4C in the
isopropyl group of a lysine residue, in accordance with the chem-
istry illustrated by eq 1 and 3. The labeled protein was isolated as
previously? described, and hydrolyzed according to the procedures
outlined in the section on methods below.

Pyridine was distilled from barium oxide and triethylamine from
phthalic anhydride. ~ Unless otherwise stated, other solvents and
reagents were of the highest purity commercially available, and were
used without further purification.

Methods. Edman Degradation. The procedure adopted was a
modification of that used by Sarges and Witkop.!* A solution
containing 0.02-0.3 umole of peptide was evaporated to dryness, and
0.1 ml of pyridine~triethylamine-phenyl isothiocyanate (100:3:1)
was added. After 2.5 hr at 37° 1.0 ml of methanol-water-tri-
ethylamine (50:50:2) was added, and the mixture was passed
through a column (0.5 X 4 cm) of Dowex 1-X2 (chloride) which had
previously been equilibrated with the methanol-water-triethyl-
amine mixture. The column was washed with 1.0 ml of the same
solvent, and then with 10 ml of methanol-water (1:1). The wash-
ings were discarded. The column was eluted with 6 ml of 1 M
acetic acid in methanol-water (1:1). The effluent was evaporated
to dryness and the residue was redissolved in 0.3 ml of anhydrous
trifluoroacetic acid. The solution was allowed to stand for 1 hr
at room temperature, and then 1 ml of methanol-water (1:1) was
added. The solution was passed through a column (0.5 X 4 cm)
of Dowex 50-X2 (hydrogen form) and the column was washed with
10 ml of methanol-water (1:1) to remove the phenylthiohydantoin,
and then with 6 ml of 2 M ammonium hydroxide in methanol-
water (1:1) to remove the residual peptide. The latter was then
hydrolyzed in 6 N HCl for 22 hr at 110° for amino acid analysis.

The half-time for the hydrolysis of the phenylthiohydantoin
of proline in 6 N HCI at 110° was found to be about 20 hr, The
phenylthiohydantoin from the Edman degradation of TRY-1-chy-1
was hydrolyzed under these conditions for 36 hr, and the product
was chromatographed using both the short and long columns of the
amino acid analyzer. The composition of the product showed
proline (1.0), plus isopropyllysine (0.2), plus lysine (0.2), as well
as small (0.05-0.2) quantities of glutamic acid, glycine, and alanine.
The analysis was run at the level of 0.005 umole, and the con-
taminants were the usual ones.

Hydrazinolysis was conducted by the method of Spero, et al.!4

Scintillation counting was carried out with a Nuclear Chicago
Series 720 scintillation counter, using the scintillation mixtures and
techniques previously described.® In some experiments, the effluent
from a chromatographic column was passed through a 1-ml flow
cell, containing an anthracene scintillator; counting efficiency was
about 30%. Strip counting was carried out with a Vanguard
Modql $80 automatic chromatogram scanner, used with the kind
permission of Professor Paul Doty.
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Paper electrophoresis was performed with a Savant Instruments,
Inc., high-voltage apparatus, using Whatman 3MM paper and a
pyridine-acetic acid-water (1:10:289) buffer, pH 3.5. Peptides
were eluted from the strips with a minimal amount of solvent, and
the peptide solutions were evaporated to dryness in a vacuum
desiccator. Evaporation proved more satisfactory than lyophiliza-
tion, which left the peptide as a fluffy, easily lost residue.

Column chromatography was carried out with a Beckman Spinco
Model 120B automatic amino acid analyzer, or with special columns.
The latter were of two types: (a) columns modeled after those of
the amino acid analyzer, where the temperature (usually 35°) was
maintained in the jacketed column by circulation of thermostated
water, and (b) columns of Sephadex G-25 (fine), where eluent was
allowed to flow by gravity from a reservoir with a head of about
6-12in,

Amino acid analyses were performed with the Beckman Spinco
automatic amino acid analyzer, Model 120B, equipped for ac-
celerated analysis. The recorder was supplied with a resistor that
gave a full-scale defiection for 0.1 optical density units. In some
analyses, a long path length cell was used which gave about a
twofold increase in sensitivity, With this system, quantitative
information can be obtained with 0.002 umole of each amino acid
except proline, and as little as 0.0005 umole of each of these amino
acids can be detected unambiguously. The levels required for the
detection of proline are five times this high. Where the yield of
proline was too low for integration of the peak by the method of
counting ‘““dots,” an estimate of the peak area could be obtained by
cutting out the peak and weighing the paper. Prior to analyses,
peptides (usually 0.005-0.02 umole) were hydrolyzed for 22 hr with
6 N HCI at 110° in sealed, evacuated ampoules., Tyrosine gave
variable results, perhaps because of conversion to chlorotyrosine!%,18
by an oxidative process during hydrolysis. The color yield of iso-
propyllysine with ninhydrin was obtained by analysis of a hydro-
lyzed sample of e-N-isopropyllysine methyl ester, prepared by the
method of Schellenberg.!?

e-N-Isopropyllysine and histidine are not separated on the short
column of the amino acid analyzer at pH 5.28; however, they can
be separated by elution with pH 4.25 buffer, where e-N-isopropyl-
lysine is eluted at 100 ml, and histidine (and lysine) at 89 ml.

Alkaline hydrolysis and ninhydrin asssay of peptides were carried
out according to standard procedures. 7 .

Isolation!® of TRY-1. A solution of 42,5 mg of “C-isopropylated
acetoacetate decarboxylase in 0.05 M ammonium bicarbonate buffer
was lyophilized, and the residual powder was dissolved in 4.0 ml of
0.1 N ammonium hydroxide. The solution was heated for about 5
min on a steam bath and then cooled to room temperature. The
alkali was neutralized with Dry Ice and the pH was adjusted to
7-8 with solid ammonium carbonate; phenol red was added as an
indicator. A solution of 0.85 mg of trypsin in 0.1 ml of 0.001 M
HClwas added. In afew minutes the coagulated protein dissolved;
the resulting solution was incubated at 37° for 8 hr. The solution
was lyophilized and the residue dissolved in 2.0 ml of 0.1 M am-
monium bicarbonate buffer, pH 7.8.

A portion (1.85 ml, 1.58 X 10¢ dpm, 0.71 umole) of the peptide
solution was applied to a column (1.6 X 190 ¢cm) of Sephadex G-25
(fine). Elution was carried out with 0.05 M ammonium bicarbonate
(pH 7.8), and approximately 3-ml samples were collected every 3
min. The optical density of fractions at 280 my was measured,
and 10-ul aliquots were taken for scintillation counting (Figure 1).
The fractions containing most of the radioactivity were pooled and
lyophilized. The recovery of radioactivity was 1.51 X 10% dpm
(96%). The residual powder was dissolved in 2.0 ml of 29 tri-
ethylamine solution.

A portion (1.93 ml, 1.44 X 10¢ dpm, 0.65 umole) of the 2% tri-
ethylamine solution of the peptide was applied to a column (0.9 X
104 cm) of Dowex 1-X2 (acetate, 200-400 mesh) which had been
equilibrated with an aqueous solution containing 1 % 2-picoline and
1% 2,4-lutidine. Elution at 35° was conducted first with 5 ml of

(15) R. L. Hill, Advan. Protein Chem., 20, 37 (1965).

(16) E. O. Thompson, Biochim. Biophys. Acta, 15, 440 (1954).

(17) C. H. W. Hirs, S. Moore, and W, H, Stein, J, Biol. Chem., 219,
623 (1956).

(18) The following abbreviations are used: TRY-1 and CHY-1 are
the radioactive peptides obtained by digesting the labeled decarboxylase
with trypsin and chymotrypsin, respectively. The subsequent digestion
of these peptides with trypsin, chymotrypsin, carboxypeptidase B, and
pepsin yields peptides designated for example as TYR-1-chy-3 (the
third peptide obtained from the chromatographic separation of the
chymotryptic digest of TRY-1). e-N-Isopropyllysine is abbreviated as
Iprlys.
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Figure 1. Chromatography of the tryptic digest of !*C-labeled

reduced acetoacetate decarboxylase on Sephadex G-25. Left-hand
ordinate, optical density at 280 mu; this registers tyrosine and
tryptophan absorptions. Right-hand ordinate (for solid black
peaks), counts per minute.

2% triethylamine, then with 20 ml of 1% 2-picoline-1 % 2,4-lutidine
mixture, and finally with an exponential gradient of 0.4 M acetic acid
into 500 ml of the picoline-lutidine mixture. A flow rate of 0.7
ml/min was maintained with a Milton-Roy minipump, or with a
New Brunswick peristaltic pump, and 2.5-ml fractions were col-
lected. Radioactivity was measured automatically with the flow
cell, or by counting 10-ul aliquots; small samples were removed for
alkaline hydrolysis and analysis with ninhydrin!” (Figure 2). The
peak centered at 60 ml usually containgd 65-75% of the radioac-
tivity; the remaining activity has not been accounted for. The
radioactive fractions were pooled and evaporated to dryness.

A small sample of the peptide was routinely tested by electro-
phoresis. Sometimes it showed more than one ninhydrin-positive
spot; amino acid analysis suggested contamination by as much as
109 of a second peptide (Asp,Thr,Gly,Met,Ileu,Lys). When
this proved to be the case, the entire sample was further purified by
high voltage paper electrophoresis at pH 3.5. At this pH, the pep-
tide had a mobility of 0.56 (lysine = 1.00). The radioactive pep-
tide was located by radioautography, and the spot cut out and eluted
to give pure TRY-1.

Isolation of CHY-1. A suspension of 25 mg of heat-denatured
radiochemically labeled acetoacetate decarboxylase (8.98 X 105
dpm) in 12.5 ml of 0.1 M ammonium bicarbonate solution was
prepared as described above for tryptic digestion, and 0.6 mg of
chymotrypsin in 0.6 ml of 0.001 M HCl wasadded. The coagulated
protein dissolved in a few minutes, and the solution was incubated
at 37° for 16 hr, and then lyophilized; the residue was dissolved in
2.0 ml of 0.1 M ammonium hydroxide solution.

This solution was applied to a column (1.8 X 107 cm) of Sepha-
dex G-25 equilibrated with 0.05 M ammonium bicarbonate (pH
7.8), and eluted with the same buffer. Fractions were collected
and monitored as for the chromatographic treatment of the tryptic
digest; fractions 66-71 (18.8 ml) were pooled and lyophilized.
The recovery of radioactivity was 94 7.

The lyophilized fractions were dissolved in 1.0 ml of a 1 7 aqueous
solution of N-methylmorpholine, and the liquid was applied to a
column (0.9 X 106 cm) of Dowex 1-X2 (acetate, 200-400 mesh)
which had been equilibrated with a 19 2-picoline-1%; 2,4-lutidine
buffer adjusted to pH 8.4 with acetic acid. Elution was carried
out with an exponential gradient of 0.4 M acetic acid into 500 ml of
the picoline-lutidine buffer at 35° Fractions (3.2 ml) were col-
lected every 4 min. Essentially all of the radioactivity was eluted
with the solvent front, fractions 5-8. The total recovery of radio-
activity was 74%. Fractions 5-8 were evaporated to dryness,
the residue was subjected to electrophoresis at pH 3.5, and the
major radioactive band eluted. Recovery was 5.98 X 10% dpm
(96 7, yield) in the electrophoresis.

Specificity of Trypsin. Since trypsin hydrolyzes peptides of ly-
sine and of arginine, and of various other amino acids with cationic
side chains,!® the question arose as to whether trypsin would attack
peptides of e-N-isopropyllysine. A test was conducted with lysine
methyl ester and e-N-isopropyllysine methyl ester under identical
conditions (0.01 M sodium phosphate buffer, pH 8.02, 0.1 M sodium

(19) M. A. Rafterty and R. D. Cole, Biochem. Biophys. Res. Commun.,
10, 467 (1963); R. T. Jones, Cold Spring Harbor Symp. Quant. Biol.,
29, 297 (1964); K. Kitagawa and N. Izumiga, J. Biochem. (Tokyo),
46, 1159 (1959).
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Figure 2. Chromatography of radioactive band from Sephadex
separation on Dowex 1-X2. Left-hand ordinate, optical density
of ninhydrin color obtained after alkaline hydrolysis of the various
fra}ctions. Right-hand ordinate (for solid black peak), counts per
minute.

chloride, 15 ug/ml of trypsin, 25°). Although trypsin preferentially
attacks esters and amides acylated on the a-amino group, the hy-
drolysis of lysine methyl ester itself proceeded smoothly to comple-
tion in about 15 min; the amount of acid generated from trypsin
plus e-N-isopropyllysine methyl ester did not exceed that of the con-
trol experiment with trypsin alone. Thus e-N-isopropyllysine de-
rivatives are presumably inert to trypsin, or hydrolyzed very slowly
by it.

Tryptic and Chymotryptic Digests of Peptides. Peptide samples
were dissolved in a minimal amount (0.05-0.2 ml) of 0.1 M am-
monium bicarbonate (pH 7.8) and solutions of trypsin or chymo-
trypsin in 0.001 M HCI were added to give a 2-4 % (w/w) ratio of
enzyme to peptide. The solutions were incubated at 37° for 8-16
hr; since the proteolytic enzymes are somewhat unstable to self-
digestion,2 they were sometimes added in two separate portions
at 8-hr intervals. For the hydrolysis of TRY-1 with chymotrypsin,
up to 209 by weight of the enzyme had to be added to achieve
hydrolysis of the tyrosyl-proline bond. After digestion, the reac-
tion mixtures were separated by paper electrophoresis. Control
experiments showed that the self-digestion products of chymotryp-
sin do not contaminate the resulting radioactive peptide.

Peptic digests were carried out in 0,01 M HCI (0.05 ml) at 37°
for about 20 hr, using a 4% (w/w) ratio of enzyme to peptide.
Leucine amino peptidase was activated according to Hill, et al.2!
Incubation at 37° was carried out in 0.022 M Tris buffer (pH 8.5),
0.005 M magnesium chloride, and 0.00011 M manganous chloride.
The ratio of enzyme to peptide was 1% (w/w). At intervals,
aliquots were removed and applied directly to the 50-cm column of
the amino acid analyzer. Carboxypeptidase B digestions were
performed with 33 ug of enzyme and about 0.08 umole of peptide.
The ratio of enzyme to peptide in the experiments was 1:1 (prob-
ably much higher than necessary). Periodically aliquots were
removed and applied to the short column of the amino acid ana-
lyzer to measure the progress of hydrolysis.

Results

The Structure of TRY-1. The radioactive peptide
TRY-1 was digested with chymotrypsin, as outlined
in the Experimental Section. The various peptides,
and TRY-1 itself, were hydrolyzed with HCI, and the
products analyzed with the amino acid analyzer. The
peptides had the following compositions:?? (TRY-1)

(20) R. E. Canfield and C. B. Anfinsen, Proteins, 1, 311 (1963).

(21) R. L. Hill, D. H. Spackman, D. M. Brown, and E. L. Smith,
Biochem. Prepn., 6, 35 (1958).

(22) Amino acid analyses were carried out on 0.0025-0.01 pmole of
peptide hydrolysate per column of the amino acid analyzer. In some
cases, where there was only a minimal amount of material (peptic pep-
tides), the presence of lysine and isopropyllysine was not determined by
amino acid analysis, but was inferred from the radioactivity and electro-
phoretic mobility of the peptides. In these cases, as well as when }he
proline peak was too small to integrate, the relative amounts of amino
acids are given as integers with no other significant figures. The yie}ds
of serine and tyrosine have not been corrected for decomposition during
hydrolysis.
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Alaggs, Gluess, Iprlysoso, Leuros, Lysiis, Proias,
Sero.7s, Tyro.ss (this analysis was repeated several times
with comparable results); (TRY-1-chy-1) Iprlys; oo,
Lysl.n, PI'00.32;(TRY-I-ChY—z)AIaLo, Iprlyso,g, Ly51.2, PI'O1,
Sergs, Tyros (proline was detected, but accurate integra-
tion was not possible).

As shown in the Experimental Section, derivatives
of eN-isopropyllysine are not readily attacked by
trypsin; so, in accordance with the specificity of trypsin,
the C-terminal amino acid of TRY-1 is presumably
lysine.

Edman degradation of TRY-1 gave a radioactive
peptide that showed the following analyses for neutral
amino acids: Glug.ss, Leuy.go, Serg.ss, Alayi, Tyre.as,
Pro;2s. No analyses were conducted on this Edman
degradation product for the basic amino acids, but the
presence of isopropyllysine is established by the radio-
activity, These data show that glutamic acid (or
glutamine) is the N-terminal amino acid of TRY-1.

Action of leucine amino peptidase on TRY-1 gave the
data shown in Table I. The slow release of serine is in
accord with the specificity of leucine amino peptidase. %3
The release of glutamic acid with this enzyme differ-
entiates between that amino acid and glutamine.

Table I. Action of Leucine Amino Peptidase on TRY-1
umole
Time, Peptide
hr (initial) Glu Leu Ser Other
1 0.018 0.002 ~0.001 0 0
16 0.018 0.013 0.013 Trace 0

The C-terminal sequence of TRY-1 was established
by the Edman degradation of TRY-1-chy-1 (identical
with TRY-1-pep-1; see below). After a single stage
Edman degradation of TRY-1-chy-1 the residual pep-
tide showed on analysis Prog.oe, Iprlysi.ce, LySo.si;
repetition of the degradation on a different sample gave
the composition Prog.ss, Iprlysiee, LySc.es. These
experiments establish proline as the N-terminal amino
acid of this peptide. Hydrolysis of the phenylthio-
hydantoin obtained from the Edman degradation gave
proline as the principal product, along with smaller
amounts of other amino acids (see the Experimental
Section).

Evidence consistent with the sequence of amino acids
indicated above for TRY-1-chy-1 was obtained by di-
gesting the peptide with carboxypeptidase, whereupon
lysine was liberated nearly quantitatively. The residual
peptide was chromatographed on a short column of
Dowex 1. Although it was still impure, a 0.025-umole
sample was subjected to hydrazinolysis.!* Essentially
all the radioactivity remained in the aqueous layer after
extraction of the various hydrazides with benzaldehyde.
Analysis of the aqueous layer showed isopropyllysine
as the major peak; although some of the other (con-
taminating) amino acids were still present, proline was
not among them. The rather unusual nature of the
cleavages that produce TRY-1-chy-1 and TRY-1-pep-1
are examined in the Discussion.

The results cited above have been supplemented by
partial analysis of the peptides obtained from TRY-1

(23) E. L. Smith and R. L. Hill, Enzymes, 4, 37 (1960).
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by digestion with pepsin. In these instances, as
mentioned earlier,?? the radioactive peptides obtained
were analyzed only for the neutral and acidic amino
acids. Although the analysis of TRY-1-pep-3 is poor,
the list of amino acids indicated as present, as well as the
electrophoretic mobility, show that this peptide is
identical with TRY-1-chy-2, for which a reasonably
good analysis is available. The compositions of the
peptic peptides are as follows: (TRY-1-pep-1) Proi.,
(Iprlys, Lys); (TRY-l-pep-2) Proi, Tyross (Iprlys,
Lys); (TRY-1-pep-3) Ala; o, Pros, Serq.s, Tyro.. (Iprlys,
Lys).

The Structure of CHY-1. The radioactive peptide
CHY-1 was subjected to digestion with trypsin, as
outlined in the Experimental Section. The peptides
were separated by electrophoresis much as outlined
for the parallel peptides from TRY-1; the various
peptides, and CHY-1 itself, were hydrolyzed with HCI,
and the products analyzed. The peptides had the
following composition: (CHY-1) Ala;os Iprlyse,so,
Leuy oo, Lysi.24, Progro, Seriye, Tyrons; (CHY-1-try-1)
Alay o0, Iprlyse.so, Lysi 1, Proo.se, Serose, Tyros; (CHY-
1-try-2) Leu;.qe. The action of leucine amino pep-
tidase on CHY-1 gave the data of Table II.

Table Il.  Action of Leucine Amino Peptidase on CHY-1

-umole
Time, Peptide
hr (initial) Ser Ala Tyr Others
5 0.014 Trace 0 0 0
24 0.014 0.003 Trace Trace 0

These results were confirmed with a two-stage Edman
degradation of CHY-1, which gave the following com-
position for the neutral and acidic amino acids in the
radioactive peptides: (first stage) Serg.es, Alay 5, Tyro.ms,
Proo.gs, Leuy o0 (Iprlys,Lys); (secondstage) Sero.or, Alag.zg,
Tyrose Proiy, Lew.oo (Iprlys, Lys). As before, the
presence of isopropyllysine was shown by radioactivity.
These data show that serine and alanine, in that order,
are the N-terminal amino acids of CHY-1.

Discussion

The data are summarized in Chart I. They estab-
lish the sequence at the active site of acetoacetate
decarboxylase.

Chart I. Peptide at the Active Site of Acetoacetate Decarboxylase
Chy Chy
Try Pep Pep Pep Try Chy

y
GLU-LEU-SER-ALA-TYR-PRO-IPRLYS-LYS-LEU
—— P .

TRY-1 Glu - Leu - Ser - Ala - Tyr - Pro - Iprlys - Lys
—_— = = -
—_——
CHY-1 Ser - Ala - Tyr - Pro - Iprlys - Lys - Leu
— =T
TRY-1-chy-2
TRY-1-pep-3 Ser - Ala - Tyr - Pro - Iprlys - Lys
CHY-1-try-1
TRY-1-pep-2 Tyr - Pro - Iprlys - Lys
TRY-1-chy-1 —
TRY-1-pep-1 Pro - Iprlys - Lys

CHY-1-try-2 Leu
—> Edman degradation
—— leucine amino peptidase
—«—— carboxypeptidase B
~— hydrazinolysis

Laursen, Westheimer | Active Site of Acetoacetate Decarboxylase
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The position of each of the amino acids has been
established by more than one method. All the analyses
(except that for CHY-1-try-2, which is simply leucine)
have been conducted with radioactive peptides. Pro-
vided that the analysis of both TRY-1 and CHY-1 are
sufficiently accurate to show that in each peptide only
one molecule is present of each of the eight amino acids
detected, then the compositions of the peptides can be
established even with analyses of only moderate ac-
curacy; the only decision tc be made is between one
residue of an amino acid, or none.

In detail, the C-terminal residue (leucine) of CHY-1
has been liberated with trypsin, indicating a lysine in
the penultimate position. The composition of TRY-1-
chy-1 and TRY-1-pep-1 indicate proline as well as iso-
propyllysine (by analysis and radioactivity) and lysine;
the order from the carboxyl end of the peptide has been
suggested by degradation with carboxypeptidase and by
hydrazinolysis, and the order from the amino end
established by Edman degradation. The composition
of TRY-1-chy-2, TRY-1-pep-3, and CHY-1-try-1 show
that serine, alanine and tyrosine are the next amino
acids from the carboxyl end, and both Edman degrada-
tion and the action of leucine aminopeptidase place
these amino acids in the order shown in Chart I. The
position of tyrosine is confirmed by the composition of
the neutral amino acids in TRY-1-pep-2. The N-ter-
minal amino acids of TRY-1 have been found by Edman
degradation and by the action of leucine aminopepti-
dase.

The hydrolysis of a tyrosyl-proline bond in TRY-1 by
the action of either chymotrypsin or pepsin is unusual, 24
but similar cleavages have, on rare occasion, been re-
ported. Thus, Leonis, et al.,? report the cleavage of a
phenylalanyl-proline bond by chymotrypsin in «-corti-
cotropin. Bell?¢ reports the cleavage of the same type
of bond by pepsin in ACTH, and Konigsberg and Hill¥
report two examples of such a cleavage by pepsin in the
a-chain of hemoglobin. Other cleavages of peptide
bonds to proline by pepsin have also been recorded.2

On the other hand, not only are most tyrosyl-prolyl
and phenylalanyl-prolyl bonds resistant to the action
of chymotrypsin and pepsin, but preliminary experi-
ments in our laboratory showed no action of chymo-
trypsin on a synthetic sample (of uncertain optical
purity, however) of N-acetyltyrosylproline methyl
ester.!!

Nevertheless, the amino acid analyses clearly es-
tablish that TRY-1-chy-1 and TRY-1l-pep-1 contain
proline, isopropyllysine, and lysine, and no other
amino acids, and the Edman degradation leaves little
doubt as to the sequence.

(24) R. G. Shepard, S. D. Willson, K. S. Howard, P. H. Bell, D. S.
Davies, S. B. Davis, and N. E. Shakespeare, J. Am. Chem. Soc., 78, 5067
(1956); J. Goldstein, W. Konigsberg, and R. J. Hill, J. Biol. Chem., 238,
2016 (1963); W. Konigsberg, J. Goldstein and R. J. Hill, ibid., 238,
2028 (1963); B. S. Hartley, Nature, 201, 1284 (1964).

(25) J. Leonis, C. H. Li, and D. Chung, J. Am. Chem. Soc., 81, 419
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(28) F. A. Anderer, H. Uhlig, E. Weber, and G. Schramm, Nature,
186, 922 (1960).
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The complete sequence of amino acids at the active
site of acetoacetate decarboxylase (Chart I) should be
compared with those already published for other
Schiff base enzymes. The partial sequence of 3-gly-
cerophosphate aldolase?® is: Ala-Leu-Ser-Asn-His-
His-Ileu-Tyr-Leu-Gln-Gly-Thr-Leu-Leu-Lys*-Asn-Pro-
Met-Val-Thr-Pro-Gly-His-Ala-Cys-Thr-Gln-Lys. It
bears no obvious relationship to the active site of the
decarboxylase. Further, the resemblances to our pep-
tide of the published sequences at the active sites for
glutamic-aspartic transaminase and of phosphorylase
b are possibly misleading; probably our enzyme is the
only one so far established with two adjacent lysine
residues at the active site. Two versions have been
published for the site for glutamic-aspartic transa-
minase after reduction with borohydride: -Ser-Thr-
Glu-(Ala,Asp,Gly,Ileu,Lys,Pyridoxyllys)-Gly -Ser - Asp-
Phe-% and -Lys-Pyridoxyllys-Ser-Asp-Phe-.3! How-
ever, the sequence -Pyridoxyllys-Lys-Phe-, originally
reported®® for phosphorylase b, has since been cor-
rected®? to -Pyridoxyllys-Phe. The free lysine that
is found on hydrolysis of this peptide apparently arises
from the decomposition of pyridoxyllysine, and
Fischer®® has suggested that a similar decomposition
may also account for the lysine found in the peptide
from glutamic—aspartic transaminase. No such ambi-
guity in sequence obtains for acetoacetate decarboxyl-
ase. First, isopropyllysine is stable to hydrolysis in
6 N HCl. Second, quantitative data show that lysine
and isopropyllysine are present in various peptides
(e.g., TRY-1) in approximately equal amounts. And,
finally, the two amino acids were cleanly separated
under mild conditions by the action of carboxypeptidase
BonTRY-1.

If Fischer’s suggestion proves to be correct, then the
active site of acetoacetate decarboxylase does not re-
semble that of glutamic-aspartic transaminase or of
phosphorylase b or of glycerophosphate aldolase,
except in that each contains an active lysine residue.
Of course, these enzymes come from quite different
sources and have different functions. Nevertheless, the
similarities in structure®* noted among various esterases
(admittedly from similar sources) is absent for the
lysine enzymes.

It is tempting to speculate that the second lysine
residue in acetoacetate decarboxylase is part of the
positive binding site for the enzyme, a site demonstrated
by observing the inhibition of the enzyme by anions.?®
However, the pK of the binding site for anions® is
apparently only 5.8, and hence is more probably a
histidine than a lysine residue. Further investigations
of the active site of acetoacetate decarboxylase are in
progress.
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