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The s imples t  model  of the c rys ta l l ine  por t ion of f i b r i l l a r  pro te in ,  namely  s i lk f ibroin,  excre ted  by the 
m u l b e r r y  s i lkworm Bombyx mor i ,  as a polypeptide chain with a l ternat ing g l y - L - a l a  res idue ,  was f i r s t  p r o -  
posed in [1]. The c o r r e c t n e s s  of this model  was ver i f i ed  by the synthes is  of a r egu la r  polypeptide with the 
sequence (g ly -L-a la )n  using the N-carbothiophenyl  method [2] and the method of p-ni t rophenyl  e s t e r s  [3], 
which had a s t ruc tu re ,  as was shown by the x - r a y  s t ruc tu re  analys is  data and the IR spec t r a ,  that was  iden-  
t ica l  with the s t ruc tu re  of the c rys ta l l ine  por t ion  of na tura l  si lk f lbroin.  La te r  a model was p roposed  for  
this  p ro te in  where  the sequence - s e r - g l y - a l a - g l y - a l a - g l y -  was repea ted  [4], which m o r e  fully re f lec t s  the 
s t ruc tu re  of na tura l  f ibroin.  A polypeptide with the same  sequence was also synthes ized by the method of 
p-n i t rophenyl  e s t e r s  [5] and, as the x - r a y  s t ruc tu re  data d isc losed ,  can be a m o d e l f o r  s tudying,he phys ico-  
chemica l  p r o p e r t i e s  of the s t ruc tu re  of si lk f ibroin.  

In o rde r  to evaluate some of the polycondensat ion methods we se lec ted  the s imp le s t  model  of si lk 
f ibroin,  namely  (ala-glY)n. The N-carbothiophenyl  method [2], used  p rev ious ly  for  the synthes is  of this 
model ,  is  quite l abor ious ,  and in the polypeptide obtained by the method are  p r e sen t  undes i rab le  i m p u r i -  
t i e s  of the 2 ,5-p iperaz inedione .  

Polypept ides  of the a la -g ly  sequence were  synthesized by us by the polycondensat ion of the p - n i t r o -  
phenyl e s t e r  of a la -g ty  in d ime thy l fo rmamide  soIution, the 2 ,4 ,6- t r ichlorophenyl  e s t e r  of a l a -g ly  in di-  
m e t h y l f o r m a m i d e  (DMF) and dimethyl  sulfoxide (DMS) solutions,  and the polycondensat ion of the 2 , , i ,6 - t r i -  
chlorophenyl  e s t e r  of g l y - a l a  in DMF. 

As m o n o m e r s  for  the synthes is  of the s i lk f ibroin model we p r e p a r e d  the hydrobromides  of the p -  
ni t rophenyl  and 2 ,4 ,6- t r ich lorophenyl  e s t e r s  of a la -g ly  and g ly - a l a  by removing the pro tec t ive  N - c a r b o b e n z -  
oxy group f r o m  the act ivated e s t e r s  of N-pro tec ted  dipeptides with 40% HBr/CH3COOH. The actiwLted e s -  
t e r s  of the N-pro tec ted  dipeptides w e r e  obtained by the mixed anhydride method using " r e v e r s e  addition" 
[6], which cons is t s  in the fact  that  the t r i e thy lamine  sal t  of the earbobenzoxyamino acid is  added slowly to 
a solution of isobutyl  ch lo ro fo rmate ,  cooled to - 1 0  to - 1 5  ~ The g r e a t e s t  danger  during the potycondensa-  
tion of dipeptide e s t e r s  is  cycl izat ion [7], for  which reason  when studying the obtained polypept ides  a t -  
tention was turned  mainly  to the p r e s e n c e  of cyclic impur i t i e s .  The polypept ides  obtained by us we re  in -  
soluble in wa te r  and in organic  so lvents ,  with the exception of d ichloroacet ic  acid, which g rea t ly  hamp e red  
the phys icochemica l  s tudies of these  polypept ides .  

The polypept ides  were  studied by identif icat ion of the IR spec t r a  of the polypept ides  synthes ized by us 
with the IR spec t rum  of natura l  si lk f ibroin.  The spec t r a  we re  taken on a UR-27G s p e c t r o m e t e r ,  and the 
requ i red  spec imens  were  p r e p a r e d  on a si l icon backing in d ichloroacet ic  acid solution. 

The spec t r um  of the polypeptide (ala-glY)n , obtained by the polycondensat ion of the 2 ,4 ,6 - t r i ch lo ro -  
phenyl e s t e r  of a l a -g ly  in DMF solution, is  comple te ly  ident ical  with the spec t rum of natural  si ik fJkbroin, 
and both cycl ic  and other  imPur i t i e s  a re  absent  (Fig. 1, II). The polypeptide,  obtained by the polycondensa-  
, ion of the p-n i t rophenyl  e s t e r  of the dipeptide,  is  cha r ac t e r i z ed  by the p r e s e n c e  of a f i - s t ruc ture  of the 
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Fig. i .  Inf rared  spect ra :  natural  silk fibroin (i) 
and polypeptides, obtained by the  polycondensa-  
tion of the 2 ,4 ,6- t r ichlorophenyl  es te r  of a la-  
gly in dimethylformamide solution (II); p -n i t ro -  
phenyl e s t e r  of a la -g ly  (III); 2 ,4 ,6- t r ich loro-  
phenyl e s t e r  of g ly -a la  (IV) and 2 ,4 ,6- t r ich loro-  
phenyl e s t e r  of a la -g ly  in dimethyl sulfoxide 
solution (V). ( . . . . .  represents  the absorption 
bands cha rac te r i s t i c  for the f i -s t ructure of silk 
fibroin; - - ~  represen ts  the absorption bands 
caused by the p resence  of the diketopiperazine in 
the polypeptides). 

peptide chains, the same as in natural fibroin, and 
diketopiperazines are  absent, but there is present  
some other conformation of the polypeptide chain, 
whichis  not present  in the natural  protein (Fig. 1, III). 
In the polypeptides, obtained by the polycondensation 
of the 2,4,6-tr ichlorophenyl  e s te r s  of a la-gly and gly-  
ala respect ively in DMS and DMF, only a par t  of the 
substance is charac te r ized  by the presence  of a/3- 
s t ructure  of the peptide chains. The peaks in the 410 
and 800-870 cm -1 regions are quite intense relative to 
the band of amide I (1650 cm -~) and coincide with the 
spec t ra  of the pure diketopiperazine [8] (see Fig. 1, 
IV, V). 

From the obtained IR-spec t roscopy  data it is 
obvious that the most  successful  method for  the p r e -  
paration of a regular  polypeptide, modeling the s t ruc -  
ture of silk fibroin, is the polycondensation of the 2,4, 
6- tr ichlorophenyl  es te r  of the a la-gly  dipeptide in 
DMF solution. 

Taking into account the fact that, besides alanine 
and glycine, ser ine enters  into the amino acid compo- 
sition of silk fibroin, we undertook the preparat ion of 
a regular  polypeptide containing the g l y - s e r - g l y  se-  
quence. A polypeptide containing this sequence was 
obtained with a mol. wt. of 3000 by the polycondensa- 
tion of the pentachlorophenyl es te r  of g ly-ser -g ly~ 

E X P E R I M E N T A L  M E T H O D  

2,4,6-Trichlorophenyl  Es te r  of Carbobenzoxygly- 
cine. To a solution of 4 g of CBZ*-glycine and 3.78 
g of 2,4,6-tr ichlorophenol in 50 ml of anhydrous 
CHC13, cooled to - 1 0  ~ were added 1.74 ml of POC13 
and 3.08 ml of pyridine. The solution was s t i r red  at 
- 1 0  ~ for  15 min and then at 0 ~ for  1 h, after  which 10 
drops of water  was added and the s t i r r ing  was con- 
tinued at 20 ~ for  another 1 h. The reaction mixture 
was diluted with CHC13 and then washed in succession 
with water ,  5% Na2CO 3 solution, 1 N HC1 solution, and 
water ,  and dried over  Na2SO 4. The oily product,  ob- 

rained af ter  evaporation of the solution in vacuo, crys ta l l ized on standing. We obtained 3.92 g (98%) of the 
2 ,4 ,6- t r ichlorophenyl  e s t e r  of CBZ-gly,  mp 109 ~ (from CH3OH ). 

2 ,4 ,6-Trichlorophenyl  Es te r  of Carbobenzoxyalanine. Obtained in a s imi lar  manner ,  s tart ing with 8 
g of CBZ-ala  and 7.1 g of 2,4,6-tr iehlorophenol .  Yield 10 g (70%), mp 125 ~ (from CHC13). 

p-Nitrophenyl  E s t e r  of Carbobenzoxyglycine.  Obtained in a s imi lar  manner .  F r o m  5 g of CBZ-gly 
and 3.5 g of p-nitrophenol was isolated 7.9 g (86%) of the crysta l l ine  p-nitrophenyl es te r  of CBZ-gly,  mp 
127 ~ (from CH3OH ). 

Hydrobromide of 2 ,4 ,6-Trichlorophenyl  Es ter  of Glycine. To a solution of 4.45 g of the 2 ,4 ,6- t r i -  
chlorophenyl e s t e r  of CBZ-gly in 5 ml of glacial  acetic acid was added 5.2 ml of a 36% solution of HBr in 
acetic acid. The react ion mixture was kept at 20 ~ for  25 min and then t reated with absolute ether.  The 
obtained precipi ta te  was washed by decanting with ether  three t imes,  and then it was recrys ta l l i zed  f rom 
methanol by precipi tat ion with ether.  We obtained 2 g (51%) of the hydrobromide of the 2 ,4 ,6- t r ich loro-  
phenyl e s t e r  of glycine,  mp 215 ~ (decomp.), Rf 0.75 (n-butanol -water -CH3COOH,  100:30:10). 

*CBZ = carbobenzoxy group. 
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Hydrobromide of p-Nitrophenyl  Es ter  of Glycine. Obtained in the same manner  as the preceding. 
F r o m  3 g of the p-ni trophenyl  e s t e r  of CBZ-gly was isolated 1.75 g (68.4%) of the hydrobromide of the p- 
nitrophenyl es te r  of glycine, mp 213 ~ 

Hydrobromide of 2 ,4 ,6-Trichlorophenyl  Es ter  of Alanine. Obtained in the same manner  as the p re -  
ceding. F rom 8 g of the 2 ,4 ,6- t r ichlorophenyl  es te r  of CBZ-a la  was isolated 3.4 g (49%) of the hydrobro-  
mide of the 2 ,4 ,6- t r iehlorophenyl  e s t e r  of alanine, mp 196 ~ Rf 0.85 (n-butanol -water -CH3COOH,  100:30 
:10). 

2 ,4 ,6-Triehlorophenyl  Es te r  of Carbobenzoxy-glycyl-a lanine.  To a solution of 1.38 g of CBZ-gly 
and 0.93 ml of (C2Hh)3N in 15 ml of absolute CHC13, cooled to - 1 5  ~ with s t i r r ing,  was added 0.86 ml of i so-  
butyl chloroformate ,  and the react ion mixture was s t i r red  for  another 20 rain at this tempera ture .  To the 
react ion mixture was added a cooled to - 1 0  ~ solution of 2.3 g of the hydrobromide of the 2 ,4 ,6- t r ich loro-  
phenyI e s t e r  of alanine and 0.93 ml of (C2Hh)3N in 20 ml of absolute CHC13, af ter  which the reaction mix-  
ture  was s t i r red  at - 1 0  ~ for  1 h, at 0 ~ for 3 rain, at 20 ~ for  1 h, and at 50 ~ for  10 rain. The solutic,n was 
diluted with an equal volume of CHC13, and then washed in success ion with water ,  1 N HC1 solution, 0.5 N 
NaHCO 3 solution, andwater ,  and dried over  Na2SO 4. After  evaporation of the solvent in vacuo, the residue 
was ree rys ta l l i zed  f rom e ther  to give 2.8 g (93%) of the 2,4,6-tr ichlorophenyl  es te r  of CBZ-gly-a la ,  mp 
165 ~ (from ether); [ (~]~-18.6  (C 1.62; CHC13). Found: C 49.5; H 3.5%. CI~H17OhN2C13. Calculated: C 49o61; 
H 3.7%. 

p-Nitrophenyl  Es te r  of Carbobenzoxyalanine-glycine.  To  a solution of 1.41 ml of isobutyl ehloro-  
formate  in 6 ml of absolute CHC13, cooled to - 1 5  ~ was slowly added, with s t i r r ing,  a solution of 2.4 g 
of CBZ-ala  and 1.5 ml of (C2Hh)3N in 6 ml of absolute CHC13~ The react ion mixture was s t i r red  a t - 1 0  to 
- 1 5  ~ for 20 rain, and then was added a cooled to - 1 0  ~ solution of 3 g of the hydrobromide of the p -n i t ro -  
phenyl e s t e r  of glycine and 1.5 ml of (C2Hh)3N in 22 mI of absolute CHC13, after  which the mixture was s t i r -  
red at - 1 0  ~ for 1 h, at 0 ~ for  30 rain, at 20 ~ for  1 h, and at 50 ~ for  10 rrdn. The solution was diluted with 
CHC13 and washed in success ion  with water ,  1 N HC1, 0.5 N NaHCO3, andwater ,  and dried over  Na2SO4o 
After evaporation of the solvent in vaeuo we obtained 3.64 g of the p-ni trophenyl  e s t e r  of CBZ-ala-g ly ,  
yield 83%, mp 182-183 ~ (from CH3OH ). Found: C 56.72; H 4.74%. C19H17OTN3. Calculated: C 56.86; H 
4.74%. 

2 ,4 ,6-Tr ichlerophenyl  Es te r  of Carbobenzoxyalanine-glycine.  Obtained in the same manner  as the 
preceding.  F rom 1.33 g CBZ-a la  and 2 g of the hydrobromide of the 2,4,6-tr ichlorophenyl  e s t e r  of glycine 
was isolated 2.56 g (94%) of the 2,4,6- t r ichlorophenyl  e s t e r  of CBZ-a la -g ly ,  rap 135 ~ (from CHsOH); [(~]~ 
- 2 7  ~ (C 1.98; CH3OH ). Found: C 49.3; H 3.5%. C19H1705N2C13. Calculated: C 49.61; H 3.7%. 

Hydrobromide of the p-Nitrophenyl  Es te r  of AlanyI-glycine.  To a solution prepared  by dissolving 
1.7 g of the p-ni trophenyl  e s t e r  of CBZ-a la -g ly  in 30 ml of glacial acetic acid at 40 ~ was added 1.711 ml of 
40% HBr/CH3COOH. The react ion mixture was kept at 20 ~ for  20 rain, t reated with absolute ether,  and the 
obtained precipi tate  was washed by decanting with e ther  three t imes.  After precipi tat ion f rom ethanol solu- 
tion with ethyl acetate we obtained 0.71 g (48%) of the hydrobromide  of the p-ni trophenyI e s t e r  of ala-gly; 
Rf 0.56 (n -bu tano l -wate r -CH3COOH , 4:5:1), mp 162-163 ~ (from ethanol solution by precipi tat ion with ethyl 
acetate).  

Hydrobromide of the 2 ,4 ,6-Triehlorophenyl  Es ter  of Alanyl-glycine.  Through a solution pre]?ared by 
dissolving 1.49 g of the 2 ,4 ,6- t r ichlorophenyl  e s t e r  of CBZ-a la -g ly  in 8.5 ml of anhydrous CH3NO 2 at 50 ~ 
was passed a s t r eam of anhydrous HBr for  20 min. Absolute e ther  was added to the react ion mixture and 
the obtained precipi ta te  was washed by decanting with e ther  severa l  t imes.  We obtained 0.9 g (68%) of the 
hydrobromide  of the 2 ,4 ,6- t r ichlorophenyl  e s t e r  of a la-gly,  mp 193-195 ~ (decomp.), Re- 0.55 (n-bl~tanol 
- w a t e r -  CH~COOH, 4:5:1). 

Hydrobromide of the 2 ,4 ,6-Trichlorophenyl  Es te r  of Glycyl-alanine.  Through a solution of 1 g of the 
2 ,4 ,6- t r ichlorophenyl  e s t e r  of CBZ-g ly -a la  in 7 ml of anhydrous CH3NO 2 was passed a s t r eam of anhydrous 
HBr for  15 rain. After precipi ta t ion with absolute e ther  and washing by decantation with e ther  we obtained 
0.34 g (55%) of the crysta l l ine  hydrobromide of the 2,4,6-tr ichlorophenyl  e s t e r  of g ly-a la ,  mp 195-t96 ~ 
(decomp.); Rf 0.6 (n -bu tano l -wate r -CH3COOH , 4:5:1). 

Carbobenzoxyglycyl -ser ine .  With vigorous s t i r r ing,  to a solution of 5 g of ser ine  in 25 ml ef 2 N 
NaOH solution at - 5  to - 8  ~ were  added in port ions 22.5 ml of 2 N NaOH and 11.5 g of carbobenzoxyglycyl  
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chloride in 1 h. The l a t t e r  was  added at such a ra te  that it was not p re sen t  in excess  (pH 8-9). Then the 
t e m p e r a t u r e  was  r a i sed  to - 5  ~ and kept the re  for  40 min. The reac t ion  mix tu re  was f i l te red  and the f i l -  
t r a t e  was acidif ied with 6 N HC1 solution to pH 1-2. The obtained oil was d isso lved  in ethyl aceta te  and the 
solution was dr ied  o v e r  Na2SO 4. Evapora t ion  of the solution in  vacuo left  a res idue  that  c rys ta l l i zed  when 
rubbed with e ther .  We obtained 8.5 g (59%) of c rys ta l l ine  C B Z - g l y - s e r ,  mp 98-101 ~ ( f rom ethyl acetate);  
[ ~ ] ~ - 9  • 0.5 (C 2.17; DMF). Found: C 52.7; H 5.4%. C13H1606N 2. Calculated.  C 52.2; H 5.35%. 

Pentachlorophenyl  E s t e r  of Carbobenzoxyglycy l - se ry l~g lyc ine .  Obtained by the mixed anhydride m e t h -  
od in DMF solution, s ta r t ing  with 6.19 g of C B Z - g l y - s e r  and 8.4 g of the hydrobromide  of the pen tach loro-  
phenyl e s t e r  of glycine.  We obtained 7.29 g (58%) of the c rys ta l l ine  pentachlorophenyl  e s t e r  of CBZ-g ly -  
s e r - g l y ,  mp 75-76 ~ (from ethyl aceta te  solution by prec ip i ta t ion  with pe t ro l eum ether); [~]~ - 7  �9 0.5 (C 
0.8~ CHCI~). Found: C 40.96; H 2.24%. C21H18OyN3C15. Calculated: C 41.91; H 2.90%. 

Hydrobromide  of the Pentachlorophenyl  E s t e r  of G lycy l - se ry l -g lyc ine .  Through a solution of 1.8 g 
of the pentachlorophenyl  e s t e r  of C B Z - g l y - s e r - g l y  in 18 ml  of absolute CH3NO 2 was pa s sed  a s t r e a m  of an-  
hydrous  HBr  for  20 rain. After  prec ip i ta t ing  the product  with absolute e ther  the p rec ip i ta te  was washed by 
decanting with e the r  s e v e r a l  t imes .  We obtained 1.32 "g (80%) of the hydrobromide  of the pentachlorophenyl  
e s t e r  of g l y - s e r - g l y ,  mp 270 ~ (decomp.).  

Po lymer i za t i on  of the Hydrobromide  of the 2 ,4 ,6-Tr ich lorophenyl  E s t e r  of Alanyl-glycine.  Starting 
with 0.3 g of the hydrobromide  of the 2 ,4 ,6- t r ich lorophenyl  e s t e r  of a la -g ly ,  the po lymer iza t ion  was run in 
56.7% DMF solution in the p r e s e n c e  of 0.0773 g of (C2Hs)3N. We obtained 0.062 g (60% yield) of the poly-  
peptide (ala-gly) n. The obtained polypeptide is  insoluble in wa t e r  and in organic  solvents ,  with the excep-  
t ion of d ich loroace t ic  acid.  The IR spec t rum of the (ala-glY)n, taken in CHC12COOH, was identical  with the 
spec t rum of natura l  si lk f ibro in  (see Fig. 1, II). 

The hydrobromide  of the 2 ,4 ,6- t r ich lorophenyl  e s t e r  of a la -g ly  (0.2 g) was po lymer i zed  in 57% DMS 
solution in the p r e s e n c e  of 0.519 g of (C2Hs)3N. We obtained 0.038 g (55%7 of the polypeptide.  The polypep-  
t ide is  soluble only in CHC12COOH. The IR spec t rum of the obtained polypeptide is  cha r ac t e r i z ed  by only 
a par t i a l  p r e s e n c e  of the f requency of the s t re tched  out f i - s t ruc ture  of the peptide chains,  the same  as in 
na tura l  s i lk  f ibroin.  A l a rge  amount of the diketopiperazine is  p r e s e n t  as impur i ty  (see Fig. 1, V). 

Po lymer i za t i on  of the Hydrobromide  of the 2 ,4 ,6-Tr ich lorophenyl  E s t e r  of Glycyl-a lanine .  Starting 
with 0.3 g of the hydrobromide  of the 2 ,4 ,6- t r ich lorophenyl  e s t e r  of g ly -a la ,  the po lymer iza t ion  was run in 
54% DMF Solution in the p r e s e n c e  of 0.0745 g of (C2Hs)3N. We obtained 0.05 g (48% yield) of the polypeptide.  
The obtained polypeptide is  soluble only in CHC12COOH. The IR spec t rum is  cha rac t e r i zed  by only a p a r -  
t ia l  p r e s e n c e  of the f l - s t ruc ture ,  and the re  is  g ro s s  contaminat ion with the d ike topiperaz ine  (see Fig. 1, IV). 

Po lymer i za t i on  of the Hydrobromide  of the p-Ni t rophenyl  E s t e r  of Alanyl-glycine.  Start ing with 0.3 
g of t h e h y d r o b r o m i d e  of the p-n i t rophenyl  e s t e r  of a la -g ly ,  the po lymer iza t ion  was run in 56% DMF solu-  
t ion in the p r e s e n c e  of 0.087 g of (C2Hs)3N. We obtained 0.06 g (50%) of (ala-glY)no The obtained po ly mer  
is  insoluble in wa t e r  and in organic  so lvents ,  with the exception of CHC12COOH. The mo lecu l a r  weight by 
the Van Slyke method was 12,000. The IR s p e c t r u m  of the obtained po lymer  is  cha rac t e r i zed  by the p r e s -  
ence of the f l - s t ruc ture  of the peptide chains,  wMch is  c h a r a c t e r i s t i c  fo r  na tura l  si lk f ibroin.  Dike topiper -  
az ines  a re  absent ,  but there  is p r e s e n t  a conformat ion  of the polypeptide chain that is  not p re sen t  in the na-  
tura l  f ibroin.  

Po lymer i za t i on  of the Hydrobromide  of the Pentachlorophenyl  E s t e r  of G lyey l - se ry l -g lyc ine .  To a 
solution p r e p a r e d  by dissolving 0.3206 g of the hydrobromide  of the pentachlorophyl  e s t e r  of g ly - se r~g ly  
in 0.401 ml  of DMF (45% solution) at 20 ~ was  added 0.095 mt  of (C2Hs)3N. The solution became  thick, and 
i t  was s t i r r e d  by shaking v igorous ly .  After  7 days  the react ion  mix tu re  was t r ea t ed  with methanol  and the 
obtained p rec ip i t a t e  was  washed by decanting with methanol  s eve ra l  t imes .  We obtained 0.19 g of the poly-  
peptide (gly-ser-glY)n.  The undialyzed product  had a mol .wt ,  of 3000 when de te rmined  by the Van Slyke 

method.  

CONCLUSIONS 

I. Polypeptidcs containing the -ala-gly- sequence were synthesized by the polymerization of the p- 
nitrophenyl and 2,4,6-trichlorophenyl esters of ala-gly and gly-ala. The obtained polypeptides have a fl- 
structure, which is related to the structure of silk fibroin. 
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2. The polypeptide obtained using the 2,4,6-trichlorophenyl es ters  has the best properties.  
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