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   The antitumor protein actinoxanthin exhibits high inhibitory activity against a number 

of gram-positive bacteria and some strains of transplantable leucoses and related tumors. 

Actinoxanthin was shown to consist of a single polypeptide chain crosslinked by two disulfide 

bonds and to contain 107 amino acid residues. Reduced and alkylated actinoxanthin was di-

gested with chymotrypsin, thermolysin and trypsin. Based on the sequence analysis of 
fragments so obtained the complete amino acid sequence and the location of disulfide bonds 

of actinoxanthin has been proposed. The high degree homology of some regions of actino-

xanthin and the antitumor protein neocarzinostatin have been revealed.

   The antitumor protein actinoxanthin was isolated in pure form from the culture filtrate of Strepto-

myces globisporus No. 1131 by A. S. KHOKHLOV, B. Z. CHERCHES, P. D. RESHETOV et al. in 19691). 

The scheme of isolation and purification, chemical and biological characteristics of actinoxanthin were 

reported previously1). The inhibitory concentration against gram-positive bacteria (for example , 
Staphylococcus aureus) is approximately 0.5 ng/ml, and highly purified actinoxanthin inhibits many 

experimental transplantable tumors. In case of transplantable leucoses and related tumors it prolongs 

the average survival times of experimental animals more than three times (the data of I. B. SOROKINA, 

T. A. PROKOPZEVA) at a daily dose of 20 mcg/kg, whereas its LD50 is 250 mcg/kg (intraperitoneal). To 

establish its complete amino acid sequence we describe in this paper the results of sequence analysis on 

fragments derived from tetra-S-carboxymethyl- (CMA) and tetra-S-aminoethyl- (AEA) derivatives by 

chymotryptic, thermolytic and tryptic digestions. Parts of this work were published previously in 

Russian2-6).

Experimental

                              Materials and Reagents 
   Actinoxanthin was isolated from the culture filtrate of Actinomyces globisporus 1131 via ammonium 
sulfate precipitation at 4- 5°C followed by trichloroacetic acid precipitation of accompanied impurities , 
decolourizing by Dowex I x 2 (acetate form), chromatography using DEAE Sephadex A-50 (acetate 
form) and gel filtration on Sephadex G-75 as described earlier1). Analytical polyacrylamide gel electro-

phoresis was carried out using ORSTEIN-DAVIS System1). Homogeneity was shown by the following cri-
teria: single band on polyacrylamide gel disc electrophoresis at pH 6.5, single symmetric peak by analyti-
cal column chromatography on Sephadex G-75, single NH,-terminal alanine by dansyl procedure , single 
C-terminal glycine by tritium-labeling procedure and amino acid analysis. 
   Porcine trypsin was obtained from Novo (Denmark); chymotrypsin (crystallized) , thermolysin 

(3 x crystallized, 40 % Na-acetate, Ca-acetate), carboxypeptidases A and B (DFP-treated, in suspension) 
were obtained from Worthington Biochemical Corp., Freehold, NY, U.S.A.; leucine aminopeptidase 
was supplied by Serva Feinbiochemica Co., Heidelberg, FRG. All the enzymes were used without fur-
ther purification.
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   Aminex AG 50W x 2 (200.325 mesh) was supplied by Bio-Rad Laboratories, Richmond, Calif., 

U.S.A.; chromatographic paper FN-12 from Filtrak GDR; Sephadex G-25 (fine) was a product of 
Pharmacia, Sweden. 

   Disulfide bond reduction and S-alkylation 

   Reduction and alkylation of actinoxanthin was carried out according to standard procedures7.8 . 
All the chemicals were purified as follows: 2-mercaptoethanol (Fluka AG) was twice distilled under 
reduced pressure in an argon atmosphere, urea was twice crystallized from ethanol and freshly prepared 
solution was deionized on Amberlite MB-3 (Serva Feinbiochemica Co.), iodoacetic acid (Chemapol, 
CSSR) was twice crystallized from heptane (prior to use); ethylenimine was freshly distilled from KOH. 

   Fragmentation of native and modified actinoxanthin
   In 50-100 ml 0.1 % ammonium bicarbonate at pH 8.2, 2.5 ,umoles AEA or 5 ,umoles CMA 

were dissolved. Chymotrypsin equivalent to 1 % (w/w) of the protein was added and digestion was 
carried out for 2.5 hours. Then an additional 1 % chymotrypsin was added to bring the final enzyme 
to substrate ratio to 1: 50 and digestion was continued for a total of 5.5 hours at 37°C. The pH of 
the digest was then adjusted to 2.5 and the solution was lyophilized. 
   CMA (5.8 pmoles) was dissolved in 100 ml 0.2 M N-ethylmorpholine acetate containing 0.002 M 
CaCl2 at pH 7. Thermolysin, dissolved in 0.0075 M CaCl2 at pH 7.2 (0.5%), was added to enzyme to 
substrate ratio 1: 1,000 and reaction mixture was incubated at 37°C for 1 hour. The pH of the digest 
was then adjusted to 2 and the solution lyophilized. 
   AEA (7 ,umoles) was dissolved in 8 ml 1 % ammonium bicarbonate at pH 8.2. Porcine trypsin 
equivalent to 1 % (w/w) of the protein (0.8 ml of 0.1 % solution in 1 x 10-4 N HCl) was added and diges-
tion was carried out for 3 hours at 37°C. 

   An additional 1 % of trypsin was added to bring the final enzyme to substrate ratio 1: 50 and the 
digestion was continued for a total of 6 hours at 37°C. The pH of the digest was then adjusted to 2.5 
and the solution lyophilized. 

   To locate the disulfide bonds 13 ,umoles of native actinoxanthin was dissolved in 140 ml 0.03 N 
HCl and solution was incubated in a sealed tube in vacuo at 110°C for 10 hours. The solution was lyo-
philized; then the peptides were dissolved in 120 ml 0.2 M N-ethylmorpholine acetate at pH 6.0 and 0.002 
M CaCl2; thermolysin was added to enzyme to substrate ratio 1: 30 and the solution was incubated at 
45°C for 24 hours. The pH of the digest was adjusted to 2 and the solution was lyophilized and dissolv-
ed in dilute acetic acid before application on Sephadex G-25 (fine) column (2 x 150 cm). 

   Peptide mapping 

   Enzymic digests of actinoxanthin derivatives (0.02-0.1 µmoles in 0.1 % NH4OH) were applied 
across the length of 1 cm of FN-12 sheet (55 x 62 cm). Chromatography was carried out (sometimes 
twice) for 32 hours in BPAW system (n-butanol - pyridine - acetic acid - water, 15: 10: 3 : 12). High-
voltage electrophoresis (HVE) was carried out at right angle on a home-made apparatus (with white-
spirit as a cooling agent) at 3,000-5,000 V for 40-90 minutes. Usually two types of standard pyridine 
acetate buffers were used with pH 3.5 and pH 6.5. Peptide maps and diagonal maps were stained by 
dipping into 1 % cadmium-ninhydrin reagent in acetone°). 

   Diagonal maps for cystine peptides location were prepared according to BROWN and HARTLEY'S 
technique"). 

   Separation of chymotryptic, thermolytic and tryptic peptides
   These peptides were purified on a column 0.9 x 90 cm of Aminex AG 50W x 2 (200-325 mesh) by 

gradient elution with pyridinium acetate (Py/Ac) buffers as follows. Enzymic digest (24-80 mg-2.5.7 
,moles of protein) was applied in 2 ml diluted HCl (pH 2-2.5) to a column maintained at 40°C and 
equilibrated at 40°C with 0.2 M Py/Ac buffer pH 3.1. Peptides were eluted at flow rate 10-27 ml per 
hour with an exponential gradient in Py/Ac as follows: (1) 75 ml 0.2 M Py/Ac pH 3.1; (2) exponential 

gradient elution with 500 m1 0.2M Py/Ac pH 3.1-500 m1 0.5M Py/Ac pH 5.0; (3) exponential gradient 
elution at 50°C with 500 ml 0.5 M Py/Ac pH 5.0 -190.240 ml 2.0 M Py/Ac pH 5.0; (4) 150-190 ml 
2 M Py/Ac pH 5.0; (5) 100-190 ml 2.0 M Py; (6) 0.1-0.5 M NaOH or NH4OH.
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   Fractions with volume 2.152.8 ml were collected automatically. The fractions monitoring manu-
ally as follows"): the dried 0.1-0.2 ml aliquots were dissolved in 3 ml of 0.1 M sodium phosphate buffer 

pH 8.0, mixed with 0.2 ml 50 mm aqueous ninhydrin solution, 0.1 ml 10 mm freshly prepared phenyl-
acetaldehyde in ethanol and the reaction mixture was incubated at 60°C for 15 minutes. After cooling 
the fluorescence was measured with the spectrofluorometer Hitachi MPF-3 (Japan) at Aexi,t 390 nm and 
A., 490 nm. 

   In many cases this technique provided peptides sufficiently homogeneous for sequence analysis. 
Where further fractionation was needed paper chromatography and HVE were used. 

   When separating the digest of native actinoxanthin on Sephadex G-25 (fine) the fractions (3 ml) 
were monitoring manually on cystine peptides as follows" : the dried 0.3 ml aliquots were dissolved in 
0.5 ml 2 % freshly prepared aqueous sodium borohydride solution and incubated at 40°C for 30 minutes 
with occasional shaking. Then the next reagents were added in the reaction mixture: 0.3 ml I N HC1 

(with mixing for 2 minutes), 1 ml acetone (with mixing for 3 minutes), I ml I M tris-HCI buffer pH 8.5 
containing 0.5 mg/ml EDTA, 0.1 ml of DTNB solution (4 mg/ml) in sodium phosphate buffer pH 8.0. 
The absorbance was read at 410 nm on the spectrophotometer SF-4A. 

   Homogeneity of peptides 

   After each separation step the purity of peptides was checked by paper chromatography in BPWA 
system and HVE at different pH, end group determination and amino acid analysis. 
   NH2-terminal amino acid residues were identified by the dansyl procedure as GRAY and HARTLEY 
described" with aliquots containing 4-8 nmoles of peptides. 

   DNS-derivatives of the NH,-terminal amino acids were identified by thin-layer chromatography 
on silica gel KSK (6 ,u±2.5 u; 6 x 6 cm) in solvents14,15) : A) Methyl acetate- isopropanol - 25 
NH4OH, 9: 7: 1 (first direction); B) benzyl alcohol - chloroform - ethyl acetate - acetic acid (6.6: 9.8: 
7.8: 0.5) (second direction); C) benzyl alcohol - methyl acetate - methanol - acetic acid (9: 11: 2.5: 2.5) 

(second direction). Sometimes the identification was performed on polyamide sheets as described by 
WOODS and WANG16) and HARTLEY17). COOH-terminal amino acid residues were identified on 20-40 
nmoles of peptides by the tritium-labeled technique described by MATSUO18)and modified by WARD19), 
HSIEH et al22). 

   Digestions employing carboxypeptidases A and B, and leucine aminopeptidase were carried out in a 
time-course manner as described in a standard procedure20,21)For amino acid composition determina-
tion the samples of peptides containing 5-20 nmoles were hydrolyzed in vacuo with twice distilled 5.7 N 
HCl at 110°C for 24 hours. Amino acid analyses of acid and enzymic hydrolysates were carried out 
with a Beckman Amino Acid Analyzer Bio-Cal 201. The yields of peptides were calculated from the 
amino acid composition of pure peptides and knowledge of original material submitted to enzymic 
digestion. 

   Sequence determination 

   Sequence analyses of peptides by the different variations of EDMAN degradation were performed as 
described earlier3); usually a dansyl-EDMAN procedure has been conducted" with 50-200 nmoles 

peptides. Sometimes the combined technique was used for identification of PTH- and DNS-derivatives 
from one sample, degradation was controlled on the important steps using a subtractive procedure. 
All the chemicals were properly purified as follows: phenyl isothiocyanate was distilled three times 
under reduced pressure in an argon atmosphere; pyridine was distilled three times from KOH pellets; 
trifluoroacetic acid was distilled from CrO3; benzene for spectrophotometry was distilled; ethyl acetate 
was distilled from KMnO4.

Results and Discussion

   Actinoxanthin is rich in alanine, serine and glycine, but it has no tryptophan and methionine and 

only one arginine and one lysine residue (see Table 1). Results of spectrophotometric titration of native 

protein with SH reagents such as p-chloromercuribenzoic acid and 5, 5'-dithio-bis-(2-nitrobenzoic acid) 

(ELLMAN's reagent) suggests actinoxanthin has no free sulfhydryls2). Native actinoxanthin is resistant
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to tryptic and chymotryptic digestions. There-

fore S-carboxymethyl- (CMA) and S-aminoethyl-

(AEA) derivatives of actinoxanthin were prepared 

by reduction and following alkylation. They had 

practically the same amino acid composition, N-

and C-terminal amino acids as a parent protein, 

and four cystein derivatives residues (carboxy-

methyl- and aminoethyl-cystein, respectively). 

  b d A digests of i 

                    C -terminal 

)

Table 1. Amino acid composition of actinoxanthin.
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Car oxypept            ase ~gests oCMA and AEA showed the C-terminal fragments of them to be His, 

Val, Ala, Leu, Thr, Phe and Gly. But in the carboxy experiment it was difficult to draw a definite                                      peptidase 

conclusion concerning                             residue of acti. Another method, hydrazinolysis, results                                         noxanthin 

in the liberation of glycine and aspartic acid. Therefore we have used the tritium-labeled technique of 

MATSUO as modified by HsIEx et a1.22                               . Indeed, carboxypeptidase A treated tritium-labeled CMA 

proved to liberate C-terminal fragment amino acids showed earlier, but only glycine was found to have 

high radioactivity. This means that C-terminal amino acid of the protein was shown to be glycine. 

The partial N-terminal sequence Ala-Pro-Ala-Phe-X-Val-X-Pro-Ala-X-Gly-Leu- was determined by the 

direct EDMAN procedure). 

   CMA contains one lysine and one arginine residue, but it proved tryptic hydrolysis was not very 

specific and resulted in a rather great number of peptides. We tried to use different trypsin preparations, 

hydrolysis under different conditions (we varied the time, enzyme to substrate ratio, pH, various de-

naturation conditions), but in all cases it proved difficult to eliminate intrinsic chymotryptic activity of 

trypsin preparations. The tryptic hydrolysis resulted in all cases in splitting bonds susceptible usually 

to chymotrypsin with rather high yield. It appeared therefore that tryptic hydrolysis was not convenient 

as a basis for structure elucidation. 

   On the contrary, the chymotryptic digestion was more informative. Chymotryptic hydrolysis of 

CMA was performed in 0.1 % ammonium bicarbonate, for 5.5 hours at 37°C, with a final enzyme to 

substrate ratio of 1: 50. The peptides so produced were fractionated first by gel filtration on Sephadex 

G-25 (fine) and subsequently by paper chromatography in BPWA system and high-voltage electro-

phoresis (HVE). As a result seven short peptides (Cl, C5, C6, C7, C7-2*, C9, C9-1*) and two larger 

ones (C4 and C8) were obtained. These peptides accounted for 82 amino acid residues. 

   As one may see on Scheme 1A, peptides C4 and C8 included carboxymethylcysteine residues. The 

similar peptides from chymotryptic hydrolysate of AEA were more useful for sequence determination, 

because their additional tryptic cleavage was possible (on aminoethylcysteine residues). Therefore 

chymotryptic digestion of AEA was performed. The resulting peptides were fractionated by chromato-

graphy on a column (0.9 x 90 cm) of Aminex AG50W x 2 by a gradient elution with pyridinium acetate 
buffers (Fig. IA), followed by paper electrophoresis and paper chromatography. In this way nearly 20 

peptides and free tyrosine were isolated from the digest and their amino acid sequences were investigated. 
Most of the sequential degradations were accomplished by dansyl-EDMAN technique23). Some of the 

degradations were performed by the direct and combined procedure. In addition leucine aminopeptidase 

and carboxypeptidase A digestion carried out in time-course manner were employed. C-Terminal re-

sidues of a few peptides were determined using a tritium-labeling technique18). The large chymotryptic

* See ref . 3)
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            Scheme 1. 

A. Chymotryptic peptides of CM- and AE-

   actinoxanthin

Fig. 1. Chromatography of chymotryptic hydrolysate 
 of AEA (A), thermolytic hydrolysate of CMA (B), 
 and tryptic hydrolysate of AEA (C) on Aminex 
 AG 50W x 2.
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B. Thermolytic peptides of CM-actinoxanthin
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peptides, C4 and C8, were subjected to tryptic 

hydrolysis and their sequences were reconstruct-

ed from the subfragments thus produced. From 

these data ten non-overlapping fragments Cl-

C10 were selected accounting for 101 amino acid 

residues or 94% of original protein (see Scheme 

IA). For the preparation of overlapping peptides 

required to establish the total sequence of actino-

xanthin, CMA and AEA were digested with 

thermolysin and trypsin, respectively. 

   CMA was hydrolysed with thermolysin in 

0.2 M N-ethylmorpholine acetate buffer of pH 

7.0 in 0.002 M CaCl2, for 1 hour, at 37°C, with an 

enzyme to substrate ratio of 1: 1,000. The result-

ing peptides were fractionated by chromato-

Fig. 2. Analytical diagonal electrophoresis 
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graphy on a column (0.9 x 90 cm) of Aminex AG50W x 2 (Fig. 1 B) followed by HVE and/or paper 

chromatography. Thus 20 peptides were isolated from the thermolytic digest. A quantitative analy-

sis for amino acid composition, end group determinations and partial or complete amino acid sequence 

were carried out with each peptide. These results permitted us to deduce ten non-overlapping frag-

ments Thl-Thl0 (see Scheme 1B), which almost fully accounts for the amino acid composition of 

the original protein. 

   AEA was subjected to tryptic hydrolysis in 1 % ammonium bicarbonate pH 8.2, for 6 hours, at 37°C 

and the final enzyme to substrate ratio of 1: 50. Column chromatography on Aminex AG 50WX2 

carried out as described earlier and additional purification resulted in nine non-overlapping peptides 

TI -T9 and free lysine (Fig. I C). Partial or complete amino acid sequences of tryptic peptides were 

determined (Scheme IC). The large peptide TI was submitted to thermolytic hydrolysis and some of 

its subfragments helped to align the principal chymotryptic peptides of N-terminal region. Tryptic 

peptides TI -T9 accounted practically for the total amino acid composition of actinoxanthin. 

   The information given in Schemes I B and I C together with that on the chymotryptic peptides ob-

tained earlier (see Scheme IA) permitted us to deduce the complete amino acid sequence of actino-

xanthin as shown in Scheme 2. The NH2-terminal position of Cl (and consequently TI) and the COOH-

terminal location of C10 (and consequently T9) had already been established by the coincidence of their 

structures with respective regions of CMA. T4 and T2 provided the link between TI (1.29) and C4 

(31-51). Th6, Th7 and T6 gave support to the further arrangement up to I'-68 as TI-Tyr-C4-C5-C6-
C7. Finally, Th8, T7 and T9 helped to align the connection between C7, C8, C9, CIO. 

   The C-terminal position of the peptide CIO was confirmed also by the analysis of a chymotryptic 

hydrolysate of CMA, in which the C-terminal glycine residue was previously labeled with tritium. In 

this case only the peptide CIO was shown to contain a high level of radioactivity. This method seems 

to have a rather general applications to determine the C-terminal peptide in proteins and large peptides. 

   It would be worthwhile to compare the amino acid sequence of actinoxanthin with the sequence of 

other antitumor protein neocarzinostatin, established recently24-26> (see Scheme 3). The high degree of 

homology of some regions of these two protein antibiotics of various amino acid compositions and pro-

duced by different actinomycetes is striking. 

   In this connection the location of the disulfide bonds of these related proteins is of considerable 

interest. Unfortunately efforts to determine the disulfide bonds position in neocarzinostatin gave ambi-

guous results24). In actinoxanthin the cysteine residues 34, 43 and 83, 88 proved to be bond in two small 

loops, respectively. To establish this native actinoxanthin was hydrolysed with 0.03 N HCl for 10 hours 

at 110°C. The resulting mixture of peptides was subjected to thermolytic hydrolysis in N-ethylmorpho-

line acetate buffer of pH 6.0 for 24 hours, at 45°C, at enzyme to substrate ratio of 1 : 30. The digest 

was submitted to the gel filtration on Sephadex G-25 (fine). One fraction was found to contain cystine-

peptides. Upon preparative paper diagonal electrophoresis (Fig. 2)10) four peptides were isolated and 
their amino acid sequences were established. From these data the structures of two cystine-containing 

peptides were deduced to be as follows: 

               34 83 
        Ile-Ala-Gl u-Cys-Ala-Pro Val-Asp-Cys 

                Ala-Cys-Asn-Pro Ala-Thr-Asp-Ala-Cys-Asn 
               43 88
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   Thus the amino acid sequence and the position of two disulfide bonds in the intact protein was eluci-

dated. According to our preliminary data actinoxanthin contains non-amino acid components pre-

sumably attached to hydroxyl groups of some serine residues. The nature and location of these structural 

units are now under investigation.

We are greatly obliged to Dr. G. M. SMIRNOVA and Dr. I. B. SOROKINA for biological assays.
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