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S U M M A R Y  

Native resilin as found in elastic l igaments in:inse~t~hnv~zaBrigti 'c blue fluorescence 
due to two compounds which are firmly c o n n e e t e i S t t D t t ~ ~ ,  bu t  which can be 
liberated by prolonged hydrolysis with acid ,or :dltaUi. "tlI~ twvo. compounds have 
characteristic ul traviolet-absorption spectra ,~ithmm~muaxa al~orption in acid so- 
lution at 286 and 283 m/z, respectively, and at ~ z a n t l ~ a 7 7 m ~ i n ~ a l k a l i n e  solution. 
This shift in the absorption max ima  occurs ~for!bttthmmmt~md~near neutral i ty and 
it is accompanied by an increased fluorescence. 1~ ii~ ~ t h a t  the group re- 
sponsible for this shift is of phenolic nature.  

Spot tests indicate tha t  both c o m p o u n d s : a r e : m m m ~ i r ~ a n i n o  acids containing 
a phenolic group; tests for diphenols and for:maiirttlf~emmllm~are negative. One of 
the compounds is shown to be a diaminodicai-bo~3~tirat6iilaaldtttie other  a tr iamino- 
tricarboxylic acid. In the native protein the  a m i n o - - o f f t - t i e  compounds do not 
react with dinitrofluorobenzene, indicating ~thm ~ "  am, Built into the peptide 
structure,  in this way linking the chains in a .~ t t immmimal l  rmtreeork. The degree of 
cross-linking calculated from the amounts  of-these~emxtOmnd2Vl~msent in resilin agrees 
well with the estimates from physical measuremextts. 

INTRODUCTIOx~ 

In 196o WE1s-FOGH 1 described a new type o f s t m e t u a l l m l m h n ;  resilin, which occurs 
in a pure state in some cuticular structures~in~ilmett~.~lfii~t/mmin,has some unusual  
properties in that  it shows long-range rubber41t~ Mamti'_r6_~3 and! no lasting defor- 
mation even after considerable stretching 'for aor~  L2m~d~ off time. I t  is optically 
isotropic in the unstrained state but  becomes!biam~a~atturnct~0rmation.  Although 
it is highly hygroscopic it is completely insdhitile~hawattm-ev~n~at x,Co °, and agents 
such as 6 M urea with or without  t h i o g l y c 0 1 i c : a t i i t t , ~ t l i i 0 g l y c o l a t e ,  perfolardc 
acid, and alkaline cupric ethylenediamine ,,do rn~-t am,r~e a n ~  solubilization of the 
material.  This indicates tha t  the insolubil~y ~is,-tkte mfi~tm-to,hydrogen bonds nor 
to disulphide bridges. Fur ther  studies b y  ~ 7 ~ A ~ ~ . q ~ e ,  shown that  all the 
properties of resilin are consistent with the .viewtfllmiitii~tiuilh f i-omrandomly coiled 
peptide chains, linked .--b~...~.*~'~"÷h~" in _~ stable ~ i m a l i  network by a few 
covalent links of an unknown nature . .Amino J a 6 i k l ~  stiowed that  resilin has 

A b b r e v i a t i o n :  F D N B ,  d in i t ro f luorobenzene .  
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an unique composi t ion 4, but  [ailed t~) give evidence for the presence of any  unusual  
cc~,npounds which could function as cross-linkages between the pept ide chains. 

In view of the fact tha t  very  few types  of cross-l inkages are known in proteins,  
we thought  it reward ing  to s tudy  the chemical na tu re  of the cross-linking groups. 
In this paper  two new amino acids will be described which have  been isolated in 
small  a m o u n t s  from hydro lysa tes  of resilin. They  are built  into the pept ide  chains of 
the protein,  t hey  have  a s t ruc ture  well sui ted for l inking the chains together ,  and the 
a m o u n t s  are consis tent  wi th  physical  es t imates  of the degree of cross-linking. 

MATERIAL% AND METHODS 

The main  source of resiljn for this invest igat ion were the two elastic l igaments  ~ flmnd 
in the  desert  locust Schistocerca gregaria (ForskM), namely  the prea lar  arm,  which 
consists only of resilin and  chit in,  and  the w."g-h inge  l igament  par t  of which conta ins  
a second, fibrous protein .  The la t te r  par t  was cut  off/and discarded.  L igamen t s  from 
deep-frozen locusts were dissected out  under  7 ° o 0 ethanol ,  careful ly separa ted  from 
all adher ing  tissue and s tored in 96 °0 e thanol  a t  4 ° unt i l  required.  The isolated liga- 
men t s  were hydro lysed  in a sealed tube  wi th  o . i  N HC1 at Ioo ° for 6 h to  dissolve the  
resilin wi thou t  affecting the chit in present .  The s u p e r n a t a n t  was then fully hydro lysed  
wi th  6 N HC1 at  I2O ° for 2o h and the rea f te r  t aken  to dryness  over solid N a O H  at 
room t e m p e r a t u r e  in z~actto. 

Descending paper  c h r o m a t o g r a p h y  wa.~ per formed on W h a t m a n  No. I paper  
af ter  x h equil ibrat ion,  using n - b u t a n o l - a c e t i c  a c i d - w a t e r  ( 4 : I ' I ,  v /v /v )  or iso- 
p r o p a n o l - c o n c e n t r a t e d  a m m o n i a - w a t e r  (8" I" I, v/v/v)  as solvents.  A o.2 % solution 
of n inhydr in  in acetone was used as spray  reagent  to locate the amino  acids, alone 
or af ter  dipping the c h r o m a t o g r a m  in methanol ic  cupiic n i t ra te  solution wheIeby  
~-amino acids can be dist inguished from other  amines 5. 

Fol in 's  phosphomolybdic  acid reagent  wa_s used af ter  d i lu t ing i - 2 o  wi th  water ,  
whereaf ter  the  wet c h r o m a t o g r a m  was hung in an a m m o n i a  a tmosphere  for de- 
ve lopment  of the  ' co,~,ur. ~2her  rc~gent_~ tr ied were Millon's reagent ,  the  a-nitroso- 
f l -naphthol  reagent  for tyrosine,  diazotized sulphanil ic acid, Ehr l ich ' s  reagent  for 
indoles, ferric chloride, and  amrnoniacal  silver n i t ra te .  ?A! prepared according to 
s t anda rd  methods  n. 

The  u l t ravio le t  absorpt ion spec t ra  were measu red  wi th  a "Ze i ss" - spec t ropho to-  
me te r  ( type P M Q  II) using a hydrogen  l amp  as l ight  source. The fluorescence acti-  
va t ion  spect ra  were measured  wi th  the same a p p a r a t u s  af ter  placing a glass filter 
(Chance OY IO) beh ina  Lhe cuve t t e  to cu*, off the  ac t iva t ing  light while t r a n s m i t t i n g  
the  fluorescent l ight.  Dist i l led wa te r  was used as b lank.  The emission spectra  were 
de t e rmined  by  placing the cuve t te  conta in ing  the  sample  be tween  the m o n o c h r o m a t o r  
a n d  the  l ight  source, which in this  case was a low-pressure m e r c u r y  l amp  wi th  maxi -  
m u m  emission at  253.7 mtz. A solution of z9.2 g CoSO,-  7 H~O and  49.9 g NiSO4.7  H 2 0  
in IOO ml  wa te r  in a qua r t z  cuve t t e  of I - cm l ight  pa th  was placed be tween  the l a m p  
and  the  sample  to  cut  off the  visible light. The fluorescence of pieces of na t ive  resilin 
was measured  in the  same m a n n e r  except  t ha t  the  pieces were placed in a th in  layer  
of w a t e r  be tween  foils of polye thylene .  

These m e t h o d s  are not ideal for fluorescence studies,  and  the  ac t iva t ion  and 
emission spect ra  of the isolated compounds  in solution were therefore checked in 
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a iFarrant l .~q~at~f l i lorometer  equ ipped  wi th  a I 5 o - W  H a n n o v i a  xenon lamp.  These  
c o n t r d l r m ~ ~ e n t s - c o n f i r m e d  the  r e su l t s .ob ta ined  in the  s p e c t r o p h o t o m e t e r  which  
were i:f~amldtt~ ~I]~.ad~quate for qua l i t a t i ve  purposes .  

[Im~xxxtiam~ps. c h r o m a t o g r a p h y  was pe r fo rmed  wi th  w a t e r - j a c k e t e d  co lumns ,  
i o : m m i i n i i m l ~ n d i a m e t e r  a n d  5 ° c m  in length .  F r ac t i ons  of 1.5 ml  were col lected at  
a ra~e, 6f,~-tlJ.~miIIi~ a n d  the  u l t r av io l e t - abso rp t i on  of the  f rac t ions  was  m e a s u r e d  in 
micr t0tux~t t t~o~mtaining 0. 5 ml,  l ight  p a t h  2 cm. 

~itrr, tft~m~vor~ p e r f o r m e d  wi th  a t i t r a to r ,  t y p e  T I I I b ,  f r om R a d i o m e t e r ,  Copen-  
h a g e n , t t i l ~ i h ~ n m e n t b e i n g  equ ipped  wi th  a semi-micro  glass e lec t rode ,  t y p e  G z~z C. 
The  rtitrm~trn ~ t d ' ,  was  p laced  in a t h e r m o - r e g u l a t e d  b a t h  w i t h  m a g n e t i c  s t i r r ing.  
In  -some~ftlqt~,ec~-t~ea4ments CO 2 was exc luded  b y  b u b b l i n g  CO2-free air  t h r o u g h  the  
s o t t t t i o n d f l r i i ~ t t i e  t i t r a t i o n ,  bu t  the  exclusion of CO s h a d  no effect a n d  hence  the  
~bsoI/rtima,~flffOk, f rom the  a t m o s p h e r e  m u s t  be negligible du r ing  the  t i t r a t ion .  

~t~6fmx, t i irati0n~ the  i so la ted  c o m p o u n d s  were desa l t ed  as descr ibed l a t e r  a n d  
the,,Te.~fltfiag~,JHttions-were freed f rom N H  a and  CO s b y  e v a p o r a t i o n  over  concen-  
tra~te~tH2L2~- 0)i~,~dtt~trez.tment w i th  a smal l  a m o u n t  of d i lu te  K O H ,  fol lowed b y  acidi-  
f icat ion ~C~i~ta dtlt l t~ HC1 a n d  e v a p o r a t i o n  over  solid N a O H .  The  res idue was t hen  
diss6tvett iiaa I I ~  ml, o . r M  KCI (COz-free), t r an s f e r r ed  to  the  t i t r a t i o n  vessel  and  
t i tmte t5~  ~ffi~o443Al I~OH del ivered  f rom a m i c r o b u r e t t e  w i th  a t o t a l  vo lume  of 0.2 ml.  
For, e o n ~ m ~ m a l x ~ r n l  of the  KCI solu t ion  m a d e  s l igh t ly  acid  w i t h  HC1 was  t i t r a t e d  
in a~s imHm'rnamnor~ and  the  resul ts  of th i s  t i t r a t i o n  were  used  for  cor rec t ing  the  
t i traiion-,~-dhe2~fithe c o m p o u n d  in ques t ion .  F r o m  the  cor rec ted  t i t r a t i o n  curve  the  
a lnOnl t~ ,df t - t ie .d i f fe rent  g roups  t i t r a t ed ,  a n d  the i r  a p p a r e n t  p K - v a l u e s ,  were esti-  
ma-t~l,~m~ktffrmI~ttaese values  a theore t ica l  t i t r a t i on  curve  was  ca lcu la t ed  and  com-  
parelq \Writ ~ ttt~. o_x~eriment al curve.  

_~fteT:~ttiix-~tion a k n o w n  frac t ion of the  solut ion was  w i t h d r a w n ,  d i lu ted  to  
3 nii.~al~ll i ix , -u! t r~- iole t -absorpt ion was measu red .  

~?~Vt~e~dbc~t-nL~ioresis was  p e r f o r m e d  wi th  a L K B - a p p a r a t u s ,  t y p e  3z76. A vo l t age  
of ~ o W  ~ u s ~ d l  and  in t he  e x p e r i m e n t s  w i th  t he  u n s u b s t i t u t e d  c o m p o u n d s  the  
i o n i c ~ ~ ~  off t he  b u f f e r  solut ions  was  chosen to  give a c u r r e n t  of 5 m A ,  except  
a t , o x t r e l ~ q T l ~ ' a l t x e s  where  larger  cu r r en t s  were  inev i tab le .  The  buffers  used  were :  
~i!trte[t~i(I1 ,~ifri~ a c i d -  sod ium p h o s p h a t e  mix tu re s ,  and  sod ium b i c a r b o n a t e - s o d i u m  
caid~ona-ee m i k ~ u r ~  Caffein was used as m a r k e r  to  ind ica te  the  e lec t ro -osmot ic  

f low.  
[Pa~h l l c t ih i t r~pheny la t ion  was  pe r fo rmed  accord ing  to  S I L A E V  e.t ai. v. A spot  of 

of,a, iiecMtt~lds~dilti0n of the  c o m p o u n d  in ques t ion  was  p laced  on a s t r ip  of e lectro-  
iphuregk~V#fflo,-~.ariiltta-eated, when  dry ,  w i th  0 5 ttl of a so lu t ion  of F D N B  in ace tone  
(,'~5~#lttV~xBJrnllaeetone). The  paper  was  i n c u b a t e d  at  37 ° for 9 5 rain.  The  reac t ion  

p r o B x t ~ ~ , s e l q a r a t e d  b y  e lec t rophores is  in a m i x t u r e  of 85 % formic  acid  - acet ic  
a e i i t - - ~ v a ~ r ( ~  ~ :  52) a t  z2o V for 6 -  7 h. T h e  D N P - d e r i v a t i v e s  a n d  the  unmod i f i ed  
: f l l l o - r~ .~ -~ .~ r t t t x im~o tmds  w e r e  localized b y  scann ing  the  s t r ips  in t he  c h r o m a t o g r a p h y  
a t t a  ~ -~ - r .~  ~ ~If ~ffi~ Sl~ e c t ropho t  ome t e r, 

[ IBini t rrFtkt~]kted:  resilin was  p r e p a r e d  b y  t r ea t i ng  whole  l i gamen t s  w i t h  7 ° % 
e t . h a n ~ l ~ l ~ i t h : F D N B  a n d  N a H C O  a for 6 h in the  da rk .  T h e  orange-co loured  
iligamen~sx~m,x~m~ahed r e p e a t e d l y  wi th  7 ° % e thano l  a n d  wi th  dis t i l led  w a t e r  un t i l  
:normoret~6~aumdJ m a t e r i a l  could  be e lu ted .  The  DNP- re s i l i n  was  h y d r o l y s e d  in t he  
-samem-~-n-c,m-as-:untreated resilin,  and  af te r  6-fold d i lu t ion  wi th  w a t e r  the  h y d r o l y s a t e  
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was  e x t r a c t e d  wi th  e thy l  ace t a t e  and  the  e x t r a c t e d  m a t e r i a l  c h r o m a t o g r a p h e d :  ~ : o -  
d imens iona l ly  as desc r ibed  by  LEVY s. The  w a t e r  phase  was  c h r o m a t o g r a p h e d  ~ oan,. 
d i rec t ion  wi th  b u t a n o l - a c e t i c  acid as so lvent .  

The  m e t h o x y c a r b o n v l  de r iva t i ve s  were p r e p a r e d  accord ing  to t h e  m e t ~ i d  ,of 
BAILEY 9. 

RESULTS 
Compounds  I and I I  

Resil in in situ, i so la ted  resilin bo th  before a n d  af te r  boi l ing in wate r ,  as ~.wdt~a, 
hyd ro iysa t e s  of resilin, all show a b r igh t  blue f luorescence in u l t r av io le t - t i gh t .  *~he2~ 
a h y d r o l y s a t e  is sub jec t ed  to descend ing  p a p e r - c h r o m a t o g r a p h y  in the  s o l v e n t  sx.'s~em~ 
b u t a n o l - a c e t i c  a c i d - w a t e r  (4"1"1) t he  fluorescence is a p p a r e n t  in two spots,~C:~. ~ 
R~-values  of o.o5 (Compound  I) a n d  o . I8  (Compound  II) .  Comple te  separationzff~m~ 
all o t h e r  a m i n o  acids  can be o b t a i n e d  by first deve lop ing  the  ch roma tog raxn  ~ i~+ , -  
p r o p a n o l -  concen tra t ed  a m m o n i a -  w a t e r  (8" I" I),  in which  so lvent  ne i t he r  fluore~cem~ 
,.,,m. po,~nfl r n i g r a t ~ ,  and  t h e n  rcdeve lop ing  in t h e  sam~ ,J~rection in the  k r ~ a n o l -  
ace t ic  ac id  solvent .  

T h e  f luorescence is r a t h e r  weak  in the  p resence  of acet ic  acid b u t  i t  b e c o m e :  
br i l l i an t  a f t e r  t r e a t m e n t  of t he  p a p e r  wi th  a m m o n i a  vapour .  B o t h  c o m p o u n d s  zg~,t. 
a pu rp le  coiour  w i th  n i n h y d r i n  b u t  t he  r eac t ion  is n e g a t i v e  if t h e  p a p e r  is t r e a t e d ~ f l ~  
cupr ic  n i t r a t e  before  s p r a y i n g  wi th  n i n h y d r i n ,  i nd i ca t i ng  t h a t  t h e y  are  a - a ~ n o ~ a ~ d s .  
B o t h  c o m p o u n d s  give  a b rowni sh - r ed  colour  w i t h  d iazo t ized  su lphani l ic  a c i d  a n d ~ d ~  ~ 
~-ni t roso-f l -naphthol .  W i t h  Millon's  r e a g e n t  t h e y  give a red colour  a n d  wi th  Yol~r~'., 
r e a g e n t  for pheno l s  t h e y  g ive  a blue colour.  No co lour - fo rma t ion  could  be obserx~d 
a f te r  t r e a t m e n t  w i th  amrnon iaca l  s i lver  n i t r a t e ,  ferric chlor ide,  a n d  p - d i m e t h y l ~ ~ -  
benza ldehyde .  I t  is the re fore  conc luded  t h a t  b o t h  c o m p o u n d s  reac t  an mono-phenefl.~ 
a n d  t h a t  t h e y  do not  con ta in  an indole  nucleus.  

Quanti tat ive isolation 

F o r  f u r t h e r  s tud ies  of the  f luorescent  c o m p o u n d s  la rger  a m o u n t s  of the  i:pue,: 
subs t ances  were  requ i red  for which  pu rpose  ion -exchange  c h r o m a t o g r a p h y  was  ~ased. 
Dowex  res ins  were  found  to  be u n s u i t e d  due  to  s t r o n g  adso rp t ion  of the  t,x'~, c~--,~.- 
pounds"  c o m p o u n d  I could  no t  be e lu t ed  f rom Dowex-5  o, even  wi th  o.2 N N--C~].  

Comple t e  s e p a r a t i o n  of the  two  c o m p o u n d s  f rom each o the r  a n d  f rom other~m~r~,  
acids  was  o b t a i n e d  by  m e a n s  of DEAE-ce l lu lose .  The  resil in h y d r o l y s a t e  was  brmgg&t 
to  p H  8.8 a n d  run  on to  a co lumn  of DEAE-ce l lu lose  e q u i l i b r a t e d  w i t h  o/~o_Z~M 
N a 2 H P O , .  T h e  sal t-  and  p H - g r a d i e n t  for e lu t ion  was es tab l i shed  by  m i x i n g  ~o.~_lM 
N a H , P O ,  w i th  o.oz M N a , H P O ,  c o n t a i n e d  in a r e se rvo i r  (3oo ml).  Fig.  x shc~ws-t~hat 
c o m p o u n d  I I  is e lu t ed  soon a f t e r  t h e  ty ros ine  p e a k  b u t  before t h e r e  b_as beem~mkx 
c h a n g e  in t h e  p H  of t h e  e iuate ,  a n d  t h a t  c o m p o u n d  I a ccompan ie s  a s tmrp  d r o p ~ l ~ d .  
w h e n  t h e  buffer  capac i ty  of t h e  DEAE-ce l lu lo se  has  been  exhaus t ed .  P a p e r - c h r o m a -  
t o g r a p h y  of s amples  of t h e  two  f luorescent  peaks  shows t h a t  ne i ther  c o m p ~ . 4 . -  
c o n t a m i n a t e d  w i th  o the r  a m i n o  acids.  

So lu t ions  of t he  t w o  c o m p o u n d s  can be desa l t ed  by  adso rb ing  t h e m  ~ r c m ~ t ~ l  
so lu t ion  (pH 2) on to  a smal l  c o l u m n  of cellulose p h o s p h a t e  ( a m m o n i u m  f ~ ) .  k ~ e r  
w a s h i n g  t h e  co lumn  ~fith dis t i l led w a t e r  t he  c o m p o u n d s  are  e lu t ed  w i t h  ~ e  
a m m o n i a .  T h e  f luorescent  po r t ion  of t h e  e lua te  is loca ted  in u l t r a v i o l e t  ~ t : ~ r ~ !  
e v a p o r a t e d  over  c o n c e n t r a t e d  H , S 0 , .  
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Optical properties 

T h e  u l t r a v i o l e t  a b s o r p t i o n ' s p e c t r a  of  t h e  c o m p o u n d s  a r e  s h o w n  in  F igs .  2 a n d  3- 
T h e  s p e c t r a  a r e  r a t h e r  s i m i l a r  t o  t h a t  of  t y r o s i n e  b u t  s m a l l  y e t  c o n s p i c u o u s  d i f f e r e n c e s  
a r e  p r e s e n t .  T h e  a b s o r p t i o n  m a x i m u m  in  a c i d  s o l u t i o n  is f o u n d  t o  b e  a t  286  m F a n d  

283 m p  fo r  c o m p o u n d s  I a n d  I I  r e s p e c t i v e l y ,  c o m p a r e d  w i t h  275 m/z  f~r  t y r o s i n e .  

I n  a l k a l i n e  s o l u t i o n  t h e  m a x i m a  a r e  s h i f t e d  t o  322  m F,  317  m r ,  a n d  293 mr* re-  
s p e c t i v e l y .  W i t h  a l l  t h r e e  c o m p o u n d s  t h e  a b s o r p t i o n  a t  t h e  m a x i m u m  is i n c r e a s e d  in 
g o i n g  f r o m  a c i d  t o  a l k a l i n e  r e a c t i o n ,  fo r  t y r o s i n e  t h e  i n c r e a s e  is  b y  a f a c t o r  of  1.8, 

f o r  c o m p o u n d  I b y  I . I ,  a n d  for  c o m p o u n d  I I  b y  1.4. 

A28o 

0.6 
_ Tyr 

n 

0.3 

o o J , too 200 ml 

Fig. ~. Frac t iona t ion  of resilin hydro lysa te  on DEAE-cel lulose  in equil ibrium with 0 . 0 - M  
N a 2 H P O  4. The elution was  performed a t  room t empe ra tu r e  and  the  grad ien t  for elution was 
estab: ished by  running 0.06 M NaHet )O 4 into 300 ml o.oz M N a 2 H P O  ,. The fluorescence is in- 

dicated by/cross-hatching,  The upper  curve shows the  p H  in the  effluent. 
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Fig. z, Ul t raviolet  absorpt ion spect ra  for com- 
pound I in (I) acid solution and (2) alkaline 

solution. 
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o 2~o 3oo 3 £ , 6 ~ o  3 c o  3so rn F 

Fig. 3. Ul t raviolet  absorpt ion spect ra  for c o m -  
pound  II  in (I) acid so lut ion  and  (2) a lkal ine  

solut ion.  
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T h e  p H  a t  w h i c h  t h i s  b a t h o c h , r c ~ n i ,  ~ t d f f ~ , ) c c u r s  is d i f f e r e n t  f o r  a l l  t h r e e  c o m -  

p o u n d s .  F o r  t y r o s i n e  i t  o c c u r s  a t  ~abcmti~i -h~) ,  a m t  f o r  c o m p o u n d s  I a n d  [ I a t  p H  6 . 3  

a n d  7 .2  r e s p e c t i v e l y ,  a s  i l l u s t r a t ~ v : ~ i ~ _ ~ .  

o, o o - ~,6~x. _~Dx--O --OX-O 

.~ ~x_ 9 I /  

~, i ~ .... 
__I / /  ~, ®-. 

I / / E  ' 

Fig. 4- T h e  p H - d e p e n d e n c e  of t h e  uITravit~tt.Lt~ksrpt~)n: of c o m p o u n d s  l a n d  I! a t  t w o  wave-  
-~'. ~ "  c o m p o u n d  1 a t  325 m!t -/- + .  c o m p o u n d  1! l eng ths .  O ~ O ,  c o m p o u n d  I a t  2~'5 m u  ~ _ ~ - ~  " -- 

a t  265 m H - - -  : ~ m p g u n d  I I  a t  3~5 m!t.  

~ooF 

A 

r7, 

..~o soo ~ooowlaH 

Fig.  5. T h e  s p e c t r a  of t h e  fluorescent~ii~hclf~ma~ 
c o m p o u n d s  I a n d  I I  a n d  f r o m  n~ti~e~,a~ivi~l, 
a l l  a t  a l k a l i n e  r eac t i on .  A c t i v a t i o n  at z5~W.Trznp 
O - - O ,  c o m p o u n d  I ;  O - -  O,  c o m p o n t i d l I J  : 

+ -  + ,  n a t i v e  resi l in.  

% 
g 

O' ~ t  t | ) | [ I 
22 t~ ,  m 2 ~ O  280 300 320 340 m~L 

F ~ g 6 ~ . T t l e  a c t i v a t i o n  s p e c t r a  for  c o m p o u n d s  I 
a~f l t~ I .  ~ O .  c o m p o u n d  I a t  p H  8" O - - O ,  
c o m t m ~ m d  I I  a t  p H  ] t. T h e  s p e c t r a  a re  no t  
c o ~ d ,  w i t h  r e spec t  to t h e  d i f fe ren t  l ight  
i m m m ~ v  of t h e  h y d r o g e n  l a m p  a t  d i a e r v a ~  

w a v e l e n g t h s .  

The spectra of the f l u o r e s c e n f t i ~ e ~ r i ~ g ~ t x o ~ , a l k a l i n e  solutions of compounds I 
and II and from nat ive  re-~ilin~aeeQs~c~mri~5~., ~'l~m maximum is near 415 m~,  and 
the differences between "the t h r e e - ~ T e e . ~ s ~  smal:~ tha t  they  cannot  be considered 
significant. In acid s o l u t i o n - t h e ~ e ~ m e d s + ~ h  weaker  but  the spectra of the 
fluorescent light are identical  , ~ h ~ t f f ~ e e , i m ~ .  ¢olution. 

1~. ,ckim. B iopkys .  Acta,  69 (~963) 249-2t)2 
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T h e  a c t i v a t i o n  s p e c t r a  in a lkal ine '  s o l u t i o n  for t h e  t w o  c o m p o u n d s  a re  s h o w n  in 
Fig.  6. As t h e  m e a s u r e m e n t s  h a v e  no t  been  c o r r e c t e d  w i t h  r e s p e c t  to  t h e  c h a n g e s  in 
l igh t  i n t e n s i t y  w i t h  w a v e l e n g t h ,  t h e  v a l u e s  f o u n d  a t  t h e  s h o r t e r  w a v e l e n g t h s  a re  
t oo  sma l l  c o m p a r e d  w i t h  t hos e  a t  t h e  l onge r  w a v e l e n g t h s .  T h e  a c t i v a t i o n  m a x i m a  
a r e  i d e n t i c a l  w i t h  t h e  a b s o r p t i o n  m a x i m a  b o t h  in  ac id  a n d  a lka l i ne  so lu t ion .  Figs .  7 
a n d  8 show t h e  p H - d e p e n d e n c e  of t h e  f luo rescence  i n t e n s i t y  of c o m p o u n d s  I a n d  I I  
t o g e t h e r  w i t h  t h a t  of t h e  m e t h o x y c a r b o n y l  d e r i v a t i v e s .  B o t h  u n m o d i f i e d  c o m p o u n d s ,  

100 

u 5 0  

I i I I 

2 3 4 5 6 7 8 9 10 i t  12 13 , . .u  
i . ,r ,  

Fig. 7- ] 'he pH-dependence of tT:e fluorescence of compoun " I act ivated at  285 m/t ( i -  O) 
and at 3"5 m/* ( O -  O) and of the methoxycarbonyl derivative of compound I activated at 

3z5 mli ( + - -  4-). 

1oo /~4D-C~ ~0-- 0 

o/ 
o I+ u 

;. " ' "  ~0/0 ~0~®~0 . . . . . .  • 

o L ~ -, --LI~_CI_.~_6_~ ~_J ~ J , • ~ , 
2 ,-3 4 5 6 '~ B 9 10 ~ t2 ~3 p H  

Fig. S. The pll-dependence of the fluorescence of compound 1[  actk 'a ted at  285 mp ( l -  l )  
and at 315 mtl ¢ O -  O) and of the methoxycarbonyl  derivative ot compound II activated at 

3x5 m/l (4---4-) .  

w h e n  a c t i v a t e d  a t  a b o u t  320 mt~, s h o w  an  i n c r e a s e  in f luorescence  a t  t h e  s a m e  p H -  
v a l u e s  w h e r e  t h e  c h a n g e  in u l t r a v i o l e t  a b s o r p t i o n  is found ,  b u t  only c o m p o u n d  I shows  
d e c r e a s i n g  f luo rescence  a t  h i g h e r  p H - v a l u e s .  T h e  d e c r e a s e  f o u n d  n e a r  p H  9 m u s t  be  
d u e  to  t h e  a m i n o  g r o u p s  as i t  c a n  be  a b o l i s h e d  b y  r e a c t i n g  t h e  c o m p o u n d  w i t h  
m e t h o x y c a r b o n y l  ch lo r ide .  A n o t h e r  d i f f e rence  in  t h e  f l uo re scen t  b e h a v i o u r  of  t h e  
c o m p o u n d s  is t h a t  c o m p o u n d  I I  s h o w s  a d e c r e a s e  in  f luorescence  b e t w e e n  p H  2 a n d  3 
w h e n  a c t i v a t e d  a t  285 m/z. T h i s  d e c r e a s e  m a y  be  c o n n e c t e d  w i t h  t h e  d i s s o c i a t i o n  o f  
a carboxylic group. 

Bioehim. Biophys. Acta, 09 ('903) z49-26z 
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F.Ieetrophoresis 

Fig. 9 shows how the  e l ec t rophore t i c  m i u r a t i o n  of the  fl,aorescent compound.~ 
~tepends on pH.  T h e  isoelectr ic  po in t  of b o t h  c o m p o u n d s  is be tween  p H  4-5 a n d  5-'), 
a ~ d  ~in bo th  cases the  d issocia t ion  occurs  in t h ree  steps.  As spot  tes t s  ind ica te  t h a t  
thie c o m p o u n d s  are  x -amino  acids,  the  dissocia t ion occur r ing  a b o u t  p H  2.5 shou ld  be 
(tUe to carboxyl ic  g roups  a n d  the  dissocia t ion occur r ing  nea r  p H  9 should  be due t() 
~ m ~ i n o  groups.  The  dissocia t ion seen nea r  n e u t r a l i t y  m u s t  be due to  the  g roups  which  

responsible  for the  changes  bo th  in u l t r av io le t  abso rp t ion  and  in fluorescence. 
A signif icant  fact  e m e r g i n g  from Fig. 9 is t h a t  the  change.~ i~ the  ~peed ,,f 

r m ~ a t i o n  are  a p p r e c i a b l y  la rger  at  the  first a n d  th i rd  s teps  in the  d issocia t ions  t h a n  
a t  t h e  s t ep  nea r  neu t ra l i t y .  This  ind ica tes  t h a t  in these  c o m p o u n d s  the re  are  p resen t  
m o r e  carboxvl ic  a n d  a m i n o  g roups  t h a n  g roups  d i ssoc ia t ing  near  neu t r a l i t y ,  a view 
~I i i eh  is conf i rmed  bv  the  t i t r a t i on  expe r imen t s .  

7Titration 

C o m p o u n d  I I  which  is the  more  a b u n d a n t  of the  two  c o m p o u n d s  was t i t r a t e d  a t  
t h r e e  d i f ferent  t e m p e r a t u r e s .  The  resu l t s  were bas ica l ly  al ike bu t  since the  second and  
t t ie  t h i r d  s t ep  in the  d issocia t ion  were  s e p a r a t e d  best  a t  low t e m p e r a t u r e s ,  on ly  the  
resul ts  of the  t i t r a t i o n  at  o ° are  shown by  the  circles in Fig. IO. The  fully d r awn  curve  
i~-the ca lcu la ted  t i t r a t i o n  curve ,  it be ing  e_~sumed t h a t  for each g r o u p  d issocia t ing  
~ t ~ . # 7 .  3 t h e  c o m p o u n d  con ta ins  t w o  g roups  d i s soc ia t ing  at  p H  2.5 and  two  g roups  
cli*soeiating a t  p H  9-9- The  t i t r a t i o n s  at  the  h igher  t e m p e r a t u r e s  gave  the  s a m e  ra t io  
l$~ween  t h e  t h r ee  groups ,  and  fu r the r  pur i f ica t ion  of t h e  c o m p o u n d  did not  inf luence 
t i ie  results .  The  conclus ion can be d r a w n  t h a t  c o m p o u n d  I I  con ta ins  twice as m a n y  
,~-~ioxylic g roups  a n d  a m i n o  g roups  as g roups  w i t h  d issocia t ion  a t  p H  7.3- 

T h e  d e t e r m i n a t i o n  of the  n u m b e r  of carboxyl ic  g roups  c a n n o t  be cons idered  ve ry  
p ~ i s e  due  to  less accu ra t e  p H - d e t e r m i n a t i o n s  below p H  2. In order  to  check  t h e  

CZ%r~ 

i .. [ I [ , ~ ; -~- ; ~ ~ ~ ~ 1 
10 11 
pH 

f~If~: 9 ,  E I e c t r o p h o r e t i c  m i g r a t i o n  o n  p a p e r  o{ 
I ( 0 - - 0 )  a n d  of  c o m p o u n d  I I  

~ : ~ Q ) .  T h e  v e r t i c a l  a x i s  s h o w s  t h e  d i s t a n c e  
t x - a ~  i n  t w o  h o u r s  a f t e r  c o r r e c t i o n  for  

e l e c t r o - o s m o s i s .  

'°f 6 o  

~"  5 0  

~ r  

@ 40-  
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2 O  

lO 

o 
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I I I a I I I , . i  i J I j ,  | 

3 S 7 g ~1 t3  ~ - H  

Fig .  zo. C o m p o v  td I I t i t r a t e d  a t  o °. T h e  c i r c l e s  
a r e  t h e  m e a s u r e d  v a l u e s  c o r r e c t e d  for  t h e  t i -  
t r a t i o n  of  w a t e r .  T h e  fu l ly  d r a w n  c u r v e  is ca l cu -  
l a t e d  o n  t h e  a s s u m p t i o n  t h a t  t h e r e  ~re  p z e s e n t  
28, z4, a n d  2 8 / , e q u i v .  of g r o u p s  w i t h  p K ' - v a l u e s  

of  2.5,  7-3, a n d  9.9,  r e s p e c t i v e l y .  

Biockim. Biophys. .4eta. 60 (I963} 2 4 9 - 2 6 2  
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determinat ion  of these  groups  a sample  of m e t h o x y c a r b o n y l  compo lmf l  lII ~ s ~ l ~ r n ~  
pared and t i trated.  The  p K ' - v a l u e  of the  earboxy l i c  groups  of  ~ h i s ~ : ~ e i ~ - ~ m i i ~ , ~  
found to be 3-7, a shift  of  this  order o f m a g n i t u d e  be ing  e x p e c t e d  w h e n : n n m ~ t k b n l r i n ~  
amino  group b e c o m e s  blocked.  In t w o  i n d e p e n d e n t  d e t e r m i n a t i o n s ~ x h e r m ~ - ~ t t i e  
n u m b e r  of carboxyl ic  groups  to  that  of groups  t i trated near n e ' a t m l i t 3 " ~  n ~ a m [ !  
2.0, in accordance  wi th  the  above  results.  

Only  a s ingle  t i trat ion  of c o m p o u n d  I has been  per formed-so  ffEr ~ ~  ttte 
a m o u n t  of mater ia l  was  too  smal l  to  m a k e  accurate  de termin~t ion~  l ~ i i i t ~ .  ] ]I ie  
result is seen in Fig,  II  w h i c h  indicates  that  in this  c o m p o u n d : t h r e e ~ m m m ~ D U l ~ -  
and three carboxyl ic  groups  are present  for each  group wi th  d isso¢i~t imnamtff~0~z:  
This  interpretat ion  was  conf irmed by  e x p e r i m e n t s  w i th  partial  diriitrqqttmn~ih~ion~ 

In the  t i trat ions  of  b o t h  c o m p o t m d s  dev ia t ions  can be seen a b o v e ~ I n n ~  ~ 
the e x p e r i m e n t a l  and  the  ca lculated  values ,  but  it has not  b e e n : i n v e s t ~ w ~ e ~ .  
this  is due  to e x p e r i m e n t a l  inaccuracy  or to  s o m e  u n k n o w n  group. 

Partial di.nitrophenylation 
The principle  of the  m e t h o d  is that  the  a m i n o  compound:in~s~dtkdtirte . fhma~is-  

treated on paper  w i t h  F D N B  in the  absence  of buffer 7. T h e  h y d r o g e n t t h [ o d i ~ ~ ]  
will  s top  the  react ion before it is c o m p l e t e d  and  the  resultingmixttrtecdffmaltmttntitm,. 
products  can be separated  b y  paper  e lectrophores i s  in a s t r o n g l y ~ ~ . ~ . x m  
shows  that  the  react ion  m i x t u r e  from the  t r e a t m e n t  of comtmmit t  IT[ ~ ~ - ~  
can be separated  into  t w o  ye l l ow  and  one  f luorescent  band,  .Whereas tram t tram aria II 
gives three ye l low and one  f luorescent  band.  T h e  s l o w e s t - m o v i n g  ~ - d t m i i m ~ i m -  

. . . . . . .  
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F i g .  I 1. C o m p o u n d  I t i t r a t e d  a t  23  c . T h e  c i r c l e s  
are  t h e  m e a s u r e d  v a l u e s  c o r r e c t e d  for  t h e  t i -  
t r a t i o n  o f  w a t e r .  T h e  f u l l y  d r a w n  c u r v e  i s  
c a l c u l a t e ~ i  o n  t h e  a s s u m p t i o n  t h a t  t h e r e  a r e  
p r e s e n t  i 4 . 4 ,  4 . 8 ,  a n d  I 4 .  4 / ~ e q u i v .  o f  g r o u p s  
w i t h  p K ' - v a l u e s  o f  2 . 2 ,  6 . 2 .  a n d  9 . 0 ,  re-  

s p e c t i v e l y .  
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Fig, 12. Paper e l e c t r 0 p h o r e t i ~ c x f a t t i e ,  
reaction mixtures f rom ~ 1  < ~ ~ -  
at |on of compound ilI: { A ) ~ t l o a f ~ I q  
(B). The fully drawn i l i m m ~ - t 4 t ~ - ~ a t ~  
sorption at 4zo m/~.,matl~-t~keLl~L:~mnl~~,, ,  
the fluorescence w h e n  :aeti~miislh~_~;[-__,_._,~13 

at  _285-m ~ . 
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was not separated from dinitrophenol but could, nevertheless,  be dist inguished from 
this substance by its yellow coIour at  ":~ ac,~, reaction and by its positive reaction ~4th 
Folin's phenol reagent,  in  contras t  to the other  yellow bands this one gave no reaction 
with ninhydrin ,  indicat ing tha t  all its amino groups had reacted with FDNB. 

The number  of react ion products  found in the two cases shows tha t  compound I 
contains three amino groups per molecule and tha t  compound II contains two. 
The number  of carboxylic groups cannot  be determined by this method  but  since 
the isoelectric point is near  pH 5 for both compounds the number  of carboxylic groups 
must  equal  the number  of amino groups. 

Qnantitative determinations 

The results of the t i t ra t ions  together  with the par t ia l  dini t rophenylat ions show 
tha t  both fluorescent compounds contain only one group per molecule dissociating 
near  neutra l i ty ,  and  therefore the molar absorption at  the wavelength with max imum 
absorpt ion can be found. The value found for compound I is 8ooo, for compound I I 
it is 54oo, and for the methoxycarbonyl  der ivat ive ot compound i l  it is 53oo. 

The molar  absorption coefficients make it possible to determine the number  
of residues of the  two compounds in resilin and to calculate the average chain length 
between two cross-linkages. This calculation is based on the assumption that  these 
compounds are the cross-linking agents  and t ha t  compound I links three peptide 
chains together  and tha t  compound II  links two chains together.  The results of three  
de terminat ions  are given in Table I. 

T A B L E  I 

N U M B E R  O F  R E S I D U E S  O F  C O M P O U N D S  I A N D  I |  I N  L O C U S T  R E S I L I N  A N D  

T H E  C A L C U L A T E D  A V E R A G E  M O L E C U L A R  X t - ' E I G H T  O F  P E P T I D E  C H A I N S  

B E T W E E N  T W O  N E I G H B O U R I N G  C R O S S - L I N K A G E S  

Residues of 
Ala t e r ia l  A m o u n t  o f  c o m p o u n d  I in  

r e s i l i n  rt~ s g r e s i l i n  

l ' r e a l a r  a r m  6 .98  r a g "  4.2 
~Ving h i n g e  z. 78 m g  0. l 
W i n g  h i n g e  7.71 nag 5. : 

Residues o/ 
c o m p o u n d  I I  in  C h a o ;  u,ei~ht 

i ~  s g rt'siliz; 

9.2 3 2 o o  
~. ;~ 2 Soo 
0.3 3 ooo  

• I n  t h i s  d e t e r m i n a t i o n  t h e  a m o u n t  of  r e s i l i n  w a s  c a l c u l a t e d  o n  t h e  a s s u m p t i o n  t h a t  t l w  
p r e a l a r  a r m s  c o n t a i n  76 °.o r e s i l i n  ~" 

Treatment of whole ligaments with F D N B  

The s t ruc tures  of the two compounds are ideally suited to serve as cross-linkages 
between the peptide chains in the nat ive protein, and  the amiqo groups should then 
be involved in peptide linkages and  unable to react  with FDNB.  x6 mg of resilin 
was therefore t rea ted  with  FDNB,  hydrolysed wi th  HCI, and the hydrolysate  was 
repeatedly ext rac ted  with ethyl  aceta te  whereafter  both the organic phase and the 
wate r  phase were subjected to paper  chromatography.  The chromatograms of the 
organic phase showed, besides the spots corresponding to dini trophenol  and  dinitro- 
aniline, two dist inct  spots of equal  size corresponding to DNP-serine and DNP- 
glutamic  acid (or DNP-aspar t ic  acid) and a barely visible spot corresponding to 
DNP-alanine.  Fur thermore ,  very  close to the origin a small }ellow spot wa~s present,  

B i o v h i m .  B i o p h y s .  .4eta, 69 (I9¢)3) 2 4 9 - 2 o z  
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t h e  i d e n t i t y  of = WhiCh, Cmtttlm~tt B~,e~4*_ab!ished. I f  it  r ep resen t s  some reac t ion  p roduc  t 
of one  of t he  f luoreseen~mfi im m~i~ ,  it~ can  only  co r re spond  to  an ins igni f icant  f rac t ion  
of the  to ta l  a m o u n t .  

The  c h r o m a t ~ - m l ~  ~fftf ie.  w a t e r  phase  showed  only  one visible spot ,  corre-  
s p o n d i n g  to  e-~D~P-~i)~me. X~i~m~ tt ie c h r o m a t o g r a m s  h a d  h u n g  for a d a y  or more  
two b rown  spot-s ibecmnvx~iBthqd~tween t h e  origin a n d  the  ¢-DNP-lys ine .  Measure-  
m e n t s  of t h e s e : r e g i U l ~ ( f f f t t t e ' l ~ l ~  before  the  b r o w n  colour  h a d  deve loped  showed  
al~sorption spec t ra  r r ~ 4 i J i n ~  ttiat~ of~ O - D N P - t y r o s i n e  wi th  a b s o r p t i o n  m a x i m u m  
nea r  3 Io  m~,. V~.rhenrf l~ex~-Rl~a-~e was  sub j ec t ed  to  p~per  e lec t rophores i s  in the  
formic a c i d - a c e t i c  :a¢ikt r i n k S ,  t l i e  c o m p o u n d s  g iv ing  rise to  t he  b r o w n  colour  
m i g r a t e d  fas ter  ~ t o w a i ~  ritt~, oat t iode t h a n  ¢ -DNP- lys ine ,  i.e. t h e y  a p p e a r  to  ca r ry  
nlore pos i t ive  chax~s.Zlr i i i~mi~t~s-i~ p robab l e  t h a t  t h e y  are  O - D N P - d e r i v a t i v e s  of 
the  f l u o r e s c e n t  c o r r ~ o l m ~ ,  tiutt t t i i s -poss ib i l i ty  was no t  f u r t h e r  i nves t iga t ed ,  the  
m a i n  p o i n t  being~hlrtmt~[~I0~tr~-w~re f o u n d  which  could co r r e spond  to  a n y  s ignif icant  
a m o u n t  of N , D ~ i i ~ i ~ t / i ~ e ~ J f ~  these  c o m p o u n d s .  

Enzvm. ic  digest ion 

A few experimel t r~ t t ~ .  b ~ n ~  p e r f o r m e d  in wh ich  resilin was h y d r o l y s e d  by  
means  of subt i l is in t ~ , , a , ~ l ~ M i ~ m t e i n a s e  o b t a i n e d  f rom t h e  N o v o  P h a r m a c e u t i c a l  
C o m p a n y ,  Copenhagen .  l tk t t t~ms~a l l !  pep t ides  shou ld  be e x p e c t e d  as end  p r o d u c t s  
due  to  the  broad-speeifi6~y(~flttfi~-enzyme. At  i n t e rva l s  s amples  were  d r a w n  f rom the  
diges t ion m i x t u r e . a n H X t t e u i ~ 0 | e t  a b s o r p t i o n  m e a s u r e d  (Fig. I3).  As the  d iges t ion  
was  perforxned a t  ~ , ' S t t i t e ~ r E ~ e n ~  c o m p o u n d s  are m o s t l y  p r e s e n t  in t he i r  a lka l ine  
form wi th  a b s o r p t i o n  "" ~noal~: 3zo mr*, a n d  it is e v i d e n t  t h a t  t he  so lubi l iza t ion  
of these  c o m p o u n i ~ s : ~ g t ~ , ~ _ l ~ t ~ v i t h  t h a t  of tyros ine .  P a p e r  c h r o m a t o g r a p h y  o~ 

i :  

rr~ 

i:ig. 13. Solubilization ~Ir~s~tn~-.~:.treated with subtilisin lq at room temperature. Ultraviolet 
ai)sorption spectra ofrth~.ssa]~e~tm~adter o h, (0  -- 0) ,  after 1 h ( ~ -  0) ,  atter 3 h ( 0 -  ~ )  

.. am~t~ t t er  I9  h ( Q - - Q ) .  
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such digests  shows t h a t  the  f luorescent  c o m p o u n d s  are no t  free b u t  c o m b i n e d  wi th  
pep t ide  mate r i a l .  T h e  isola t ion of such f luorescent  pep t ides  in a pure  s t a t e  has  no t  
been  ach ieved  as yet ,  b u t  work  in this  d i rec t ion  is in progress .  

DISCUSSION 

"rhe poss ib i l i ty  t h a t  the  two  f luorescent  c o m p o u n d s  are a r t e f ac t s  can  be ru led  out  for 
a n u m b e r  of reasons.  (a) \~'hole u n t r e a t e d  l i gamen t s  show the  same  f luorescence as  
t h e  i so la ted  c o m p o u n d s  and  (b) the  p H - d e p e n d e n c e  of t he  f luorescence is the  same  in 
the  t w o  cases. I t  has  no t  been  possible  to  d e t e r m i n e  the  a b s o r p t i o n  s p e c t r u m  of n a t i v e  
resilin, b u t  (c) an  enzymic  digest  of resilin has  an  abso rp t ion  s p e c t r u m  which can 
be cons idered  the  s u m m a t i o n  of the  spec t r a  of t h e  f luorescent  c o m p o u n d s  a n d  t h a t  
of tyros ine .  (d) Alka l ine  hydro lys i s  of resilin (I N K O H  a t  Ioo  ° for 4 h) l ibera tes  t w o  
f luorescent  c o m p o u n d s  which  in all respec ts  seem to  be iden t ica l  w i th  t h e  t w o  com- 
p o u n d s  l ibe ra t ed  by  acid  hydrolys is .  I t  is therefore  reasonab le  to  conclude  t h a t  these  
c o m p o u n d s  exis t  as such  in the  n a t i v e  p ro te in .  

Of the  a m i n o  acids  usua l ly  p resen t  in p ro te ins  only  pheny la l an ine ,  tyro~ine,  a n d  
t r y p t o p h a n  fluoresce in u l t r av io l e t  l ight ,  a~ld in c o n t r a s t  to  c o m p o u n d s  I a n d  I I  t h e y  
h a v e  t he i r  emiss ion m a x i m u m  in the  u l t r av io l e t  t a n g o  °. C o m p o u n d s  I a n d  I I  can 
t h u s  be d i s t ingu i shed  easi ly f rom all t h e  o the r  a m i n o  acids found  in p ro t e in  hydro -  
iysates .  T h e y  a p p e a r  to  be e - a m i n o  acids because  of t he i r  pos i t ive  reac t ion  w i t h  nin-  
h y d ~ n ,  a n d  the i r  ab i l i ty  to  fo rm copper  complexes .  The  b e h a v i o u r  on ion-exchange  
m a t e r i a l  is f u r t h e r  ev idence  for t he i r  a m p h o t e r i c  na tu re .  T h e y  are  adso rbed  on t o  
cellulose ca t i on -exchange r s  f rom acid solut ion a n d  to  celiulose a n i o n - e x c h a n g e r s  f rom 
a lka l ine  so lu t ion  a n d  t h e y  can be e lu ted  f rom b o t h  a t  n e u t r a l  reac t ion .  

As a r o m a t i c  c o m p o u n d s  t e n d  to be more  or less s t rong ly  adso rbed  on to  Dowex  
resins n ,  it  is no t  su rp r i s ing  t h a t  c o m p o u n d s  I a n d  I I  a re  adso rbed  toe,  bu t  it was 
r a t h e r  u n e x p e c t e d  t h a t  the  a d s o r p t i o n  of c o m p o u n d  I was  so s t rong  t h a t  all a t t e m p t s  
to  e lu te  it were  unsuccessful .  This  s t r ong  adso rp t i on  of the  c o m p o u n d s  on to  the. 
resin also exp la ins  w h y  t h e y  h a v e  been  ove r looked  so far. 

The  presence  in b o t h  c o m p o u n d s  of a g roup  wi th  dissocia t ion nea r  n e u t r a l i t y  is 
d e m o n s t r a t e d  b y  t h e  spec t ra l  m e a s u r e m e n t s  as well  as by  t i t r a t i o n  a n d  electro-  
pl-,oresis. The  p H - d e p e n d e n c e  of bo th  the  u l t r av io le t  a b s o r p t i o n  a n d  of the  fluo- 
rescence  ind ica tes  t h a t  the  g r o u p  is phenolic .  T h e  presence  of a phenol ic  g r o u p  i~ 
i n d i c a t e d  i n d e p e n d e n t l y  by  the  pos i t ive  reac t ions  w i th  Millon's  r eagen t  a n d  wi th  
¢,-ni troso-fl-naphthol ,  and  also by  the  ab i l i ty  of t h e  c o m p o u n d s  to  couple  wi th  diazo-  
t ized  su lphani l ic  acid.  The  t es t s  for d ipheno l s  were  all nega t ive ,  a n d  as t he  c o m p o u n d s  
are  comple t e ly  s tab le  to  a lka l ine  hydro lys i s  i t  is un l ike ly  t h a t  t h e y  con ta in  m o r e  t h a n  
one phenol ic  g r o u p  unless  more  t h a n  one a r o m a t i c  r ing  is p resen t .  I t  is r e m a r k a b l e  
t h a t  t he  phenol ic  g roups  p resen t  are  m u c h  m o r e  acid  t h a n  the  g r o u p  in tyros ine"  
p r e s u m a b l y  th i s  is due to  some s u b s t i t u e n t  in t h e  a r o m a t i c  r ing  s y s t e m  the  n a t u r e  
of which  is u n k n o w n .  

T h e  m o s t  i m p o r t a n t  fea ture  of the  c o m p o u n d s  is t he  presence  of m o r e  t h a n  one 
a m i n o  g r o u p  a n d  m o r e  t h a n  one ca rboxy l ic  g r o u p  pe r  molecule .  Since the re  is good  
ev idence  t h a t  t h e  a m i n o  g roups  a re  ail  unab l e  t o  r eac t  w i t h  F D N B  in t h e  n a t i v e  pro-  
te in ,  a n d  since f luorescent  pep t ides  can be l i be ra t ed  b y  m e a n s  of enzymes ,  the  com- 
p o u n d s  are  p r e s u m a b l y  bui l t  in to  the  pep t ide  cha ins  in t he  s ame  m a n n e r  as  the  o t h e r  
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a m i n o  acids  b u t  in such a w a y  t h a t  t h e y  fo rm cross- l inkages  b e t w e e n  the  o r d i n a r y  
l inear  p e p t i d e  chains ,  g iv ing  rise to  a large t h r ee -d imens iona l  ne twork .  

A l t h o u g h  this  is the  mos t  p laus ib le  e x p l a n a t i o n  of t h e  resul ts ,  & more  t h o r o u g h  
inves t iga t ion  is needed  in o rder  to  c lear  up  exac t ly  h o w  these  amino  acids  are  bu i l t  
in to  the  p ro te in  chains.  One  should  r e m e m b e r  t h a t  t h e  absence  of N - d i n i t r o p h e n y l a t e d  
p r o d u c t s  of these  c o m p o u n d s  a f te r  t r e a t m e n t  of resil in w i th  F D N B  could  m e a n  
t h a t  t he  a m i n o  g roups  in some way  are unava i l ab l e  for r eac t ion  w i t h o u t  be ing  b o u n d  
cova len t ly  to t h e  pep t ide  s t ruc tu re .  Also, we h a v e  no i n f o r m a t i o n  conce rn ing  t h e  
s t a t e  of the  ca rboxyl ic  g roups  of t he  c o m p o u n d s  in na t i ve  resilin.  

A l t h o u g h  more  conclus ive  ev idence  is needed,  all p r e sen t  resu l t s  s t r ong ly  in- 
d ica te  t h a t  b o t h  f luorescent  c o m p o u n d s  func t ion  as cross- l inkages  b e t w e e n  pep t ide  
chains ,  c o m p o u n d  i I  l ink ing  two  cha ins  t o g e t h e r  a n d  c o m p o u n d  I l i nk ing  t h r e e  
cha ins  t o g e t h e r  a t  one  junc t ion  poin t .  

Chemica l  t e s t s  a n d  physica l  m e a s u r e m e n t s  p r e d i c t e d  the  presence  of cross- 
l inkages  in resil inl ,  2 and ,  in the  case of d ragonf ly  resil in 3, t h e  a v e r a g e  molecu la r  
we igh t  of the  chains  b e t w e e n  two n e i g h b o u r i n g  j unc t i on  po in t s  was  e s t i m a t e d  to  
be 5ooo. This  ca lcu la t ion  is based  on t h e  a s s u m p t i o n  t h a t  four  ha l f -cha ins  m e e t  in 
all the  j unc t ion  points .  T h e  p resence  of ]unc t ion  po in t s  where  s ix ha l f -cha ins  m e e t  
will m a k e  t h e  ca lcu la t ions  more  u n c e r t a i n  b u t  will h a v e  no inf luence  on t h e  gene ra l  
phys ica l  p roper t i e s  of t h e  p ro te in .  On ly  some of t h e  j u n c t i o n  po in t s  need  be  chemica l  
cross- l inkages  since o the r s  m a y  r ep re sen t  phys ica l  e n t a n g l e m e n t s ,  m a k i n g  an ave rage  
molecu la r  we igh t  of cha ins  b e t w e e n  t w o  n e i g h b o u r i n g  chemica l  c ross- l inkages  of 
be tween  5oo0 a n d  IOOOO mos t  p robab le  for d ragonf ly  t e n d o n  resilin.  

The  ave rage  chain  we igh t  b e t w e e n  chemica l  j u n c t i o n  po in t s  in  locus t  resil in was  
f cund  to be 3000 (Table I) based  on the  a s s u m p t i o n  t h a t  the  f luorescent  a m i n o  acids  
c o n s t i t u t e  t he  cross- l inkages .  This  va lue  is s o m e w h a t  lower  t h a n  t h e  va lue  b a s e d  on 
phys ica l  m e a s u r e m e n t s ,  b u t  as  resi l ins f rom t h e  t w o  sources  a re  k n o w n  to  differ in 
the  degree  of cross- l inking is, locust  resil in be ing  m o r e  c ross - l inked  t h a n  d ragonf ly  
resilin, t he  a g r e e m e n t  b e t w e e n  the  two  e s t i m a t e s  is r e a sonab ly  good.  

T h u s  all t he  resul ts  wc h a v e  got  so far  s u p p o r t  t h e  hypo thes i s  t h a t  t hese  fluo- 
rescent  c o m p o u n d s  f o i m  the  cross- l inkages  in resil in.  O t h e r  t y p e s  of c ross- l inkages  
are a p p a r e n t l y  not  p r e s e n t :  we h a v e  been  able to  rule ou t  d i su lph ide  l inkages ,  phos-  
p h a t e  groups ,  es te r  groups ,  c a r b o h y d r a t e s ,  a n d  a m i d e  l inkages  i n v o l v i n g  t h e  e -amino  
g r o u p  in lysine.  

If  c o m p o u n d s  I a n d  I I  are  i nvo lved  in c ross- l inking  one shou ld  e x p e c t  to  find 
t h e m  in resilin f rom different  a n i m a l  species. So far  resi l in f rom only  t h r ee  r e p r e s e n t a -  
t ives  of a r t h ropods ,  a locust  (Schistocerca, Insec ta ,  O r t h o p t e r a ) ,  a d ragonf ly  (Aeshna, 
l n sec t a ,  Odona ta ) ,  a n d  a crayfish (Astacus, Crus tacea ,  Decapoda )  h a v e  been  inves t i -  
g a t e d  in th is  respect  and  the  c o m p o u n d s  were  found  to  be  p r e s e n t  in all  of t h e m .  
On the  o the r  hand ,  it has  no t  been  possible to  f ind even  t r aces  of t h e m  in o t h e r  p ro t e in s  
f rom the  s ame  species, so c o m p o u n d s  I and  I I  can a p p a r e n t l y  be  cons idered  a m i n o  
acids  which  are specific for resilin. 

As resilin is a cu t i cu l a r  s t r u c t u r e  it is no t ab l e  t h a t  i ts  f o rma t ion  in some  respec t s  
m u s t  dev ia t e  m u c h  f rom t h a t  of t h e  o r d i n a r y  cuticle,  where  p ro t e in s  are t h o u g h t  to  
be laid down in bu lk  and  t h e n  r e n d e r e d  insoluble  b y  t a n n i n g  w~th low-molecu la r  
qu ino id  subs t ances  de r ived  f rom the  m e t a b o l i s m  of ty ros ine  a*, A g e n t s  which  dissolve 
such t a n n e d  p ro te ins  do not  b r ing  resilin in to  so lu t ion  x. Also, in resilin t h e  depos i t ion  
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o f  t h e  p r o t e i n  a n d  o f  t h e  f l u o r e s c e n t  c o m p o x m d s  ~ , 0 ,~ .~mr .~ imu / t aneous ly ,  o r  n e a r l y  
so ,  a s  t h e r e  is  p r o p o r t i o n a l i t y  b e t w e e n  t h e  a x ~ m m t t  ,o¢ff m ~ e ~  l a l d  d o w n  i n  t h e  l i g a -  

m e n t s  a n d  t h e  a m o u n t s  o f  t h e  f l u o r e . ~ c e n t  m t , ~  , ~ a ~  tpnrv~ml~ 6Mx£ng t h e  w h o l e  p e r i o d  

o f  d e p o s i t i o n  x~ ( 2 -  3 w e e k s ) .  T h i s  m e a n s  t h ~  iff ~ h e  tflm0~r-m~,'a a m i n o  a c i d s  c o n s t i t u t e  

t h e  c r o s s - l i n k a g e s ,  t h e  p e p t i d e  c h a i n s  m u s t  ~ , (w0~:~mlhzdt  a~  ~.~on a_~ t h e y  h a v e  b e e n  

s e c r e t e d  f r o m  t h e  s y n t h e s i s i n g  ce l l s .  
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