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A p p r o x i m a t e l y  1 ml  of f luid or h e m o l y m p h  f rom each  
age group of h o n e y  bees was col lected in a s ter i le  glass 
t e s t  t u b e  and  f rozen pr io r  to  analysis .  Eggs  were p laced  
in a t u b e  a n d  mace ra t ed .  H e m o l y m p h  f rom la rvae  was  
o b t a i n e d  b y  gen t ly  p u n c t u r i n g  t he  insec ts  w i t h  a s ter i le  
h y p o d e r m i c  needle.  The  f lu id  wh ich  exuded  f rom the  
w o u n d  was d r a w n  in to  a cap i l l a ry  t u b e  a n d  t h e n  expel led  
in to  a t e s t  tube .  F lu id  f rom p u p a e  a n d  h e m o l y m p h  f rom 
adu l t s  were be s t  o b t a i n e d  b y  sever ing  t he  h e a d  w i t h  a 
scalpel  and  d r a w i n g  t he  l iquid  wh ich  exuded  f rom the  
t h o r a x  in to  a cap i l l a ry  tube .  

E a c h  sample  was lyophi l ized,  f lushed  twice  w i th  n i t ro-  
gen, a n d  h y d r o l y z e d  w i t h  6 N HC1 in sealed tubes .  Af te r  
t he  t ubes  were h e a t e d  for 24 h a t  108~ t he  h y d r o l y s a t e  
was  removed ,  f i l tered,  and  dried.  Dis t i l led  w a t e r  was  
added  twice  d u r i n g  t h e  e v a p o r a t i o n  p rocedure  to  r e m o v e  
excess HC1. Af te r  t he  f inal  evapora t ion ,  t he  v o l u m e  of t he  
res idue  was a d j u s t e d  to  25 ml  w i t h  c i t r a t e  buffer ,  p h  2.2. 
The  sample  was t h e n  e x a m i n e d  w i t h  a B e c k m a n  Model  
121 a m i n o  acid ana lyze r  ]~ 

The  t o t a l  a m i n o  acid levels were lowest  in  eggs of all  
ages, in  h e m o l y m p h  f rom 5- and  6-day-old  larvae,  in  
f luid f rom 18- a n d  19-day-old pupae ,  a n d  in t he  h e m o l y m p h  
of emerg ing  a d u l t  bees  (Figure).  H e m o l y m p h  f rom 10-day- 
old l a rvae  a n d  f luid f rom 16-day-old p u p a e  c o n t a i n e d  
t h e  g rea t e s t  a m o u n t s  of a m i n o  acids. A m i n o  acid levels  
f rom d a y  10 l a rvae  t h r o u g h  d a y  16 p u p a e  were consis-  
t e n t l y  high.  Obvious ly ,  these  c o m p o u n d s  were i nvo lved  
in  p ro t e in  syn thes i s  d u r i n g  p u p a t i o n  wh ich  occur red  a t  
d a y  11 a n d  in p r e p a r a t i o n  for  emergence  of t h e  a d u l t  a t  
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Total amino acids in developing worker honey bees. 

day  20. The  sha rp  decreases  in  a m i n o  acids t h a t  occurred  
a t  days  9, 11, 17, and  18 ref lec ted  t he  morpho log ica l  
even t s  of p u p a t i o n  and  emergence  wh ich  were occurr ing.  

The  Tab le  shows t o t a l  a m i n o  acids p r e sen t  in devel-  
op ing  worker  h o n e y  bees. LuE  and  Dlxo~r 6 found  prol ine ,  
g l u t a m i c  acid, serine, glycine,  and  a l an ine  nonessen t i a l  
to  bees. The  h ighes t  va lues  we found  were those  for  
g l u t a m i c  acid, a spa r t i c  acid,  and  prol ine .  CHEN a n d  
HADORN 11 r epo r t ed  a h igh  c o n c e n t r a t i o n  of pro l ine  in t he  
b lood  of Ephestia spp. b u t  could offer no  e x p l a n a t i o n  for 
this .  Prol ine ,  a spa r t i c  acid,  and  g l u t a m i c  acid were 
i n t e r r e l a t ed  in t h e  s i lkworm TM, and  t h i s  a p p e a r e d  to  be  
t r u e  for t he  h o n e y  bee also. Those a m i n o  acids p re sen t  in  
t he  lowest  concen t r a t i ons  were 1/2 cyst ine ,  h is t id ine ,  
me th ion ine ,  and  pheny la l an ine .  MILES 13 found  low con-  
c e n t r a t i o n s  of free cys te ine -cys t ine  in t he  h e m o l y m p h  of 
Eumecopus punctiventris Sts All a m i n o  acid levels 
increased  f rom day  18 to d a y  20 (emerging  bees).  

I t  h a s  r a re ly  been  poss ible  to  associa te  changes  in 
i n d i v i d u a l  a m i n o  acids w i t h  specific d e v e l o p m e n t a l  
processes  14 a n d  no  such  cor re la t ion  could be  m a d e  in t h i s  
s tudy .  However ,  we a n t i c i p a t e  t h a t  cor re la t ions  will be 
m a d e  in t h e  fu tu re  wi tb  i m p r o v e d  m e t h o d o l o g y  a n d  
b e t t e r  u n d e r s t a n d i n g  of t he  d e v e l o p m e n t a l  processes of 
insec ts  ]~. 

Zusammen[assung. Glutamins~iure,  Aspar t ins i iu re  u n d  
Pro l in  w u r d e n  in E i h o m o g e n a t e n  u n d  H a e m o l y m p h e  der  
H o n i g b i e n e  (Apis melli/era L.) gefunden.  
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R e d o x  E n z y m e  M o d e l s  f r o m  P o l y m e r i z e d  A m i n o a c y l a d e n y l a t e s  

The  diff icul t ies  of a sce r t a in ing  e n z y m e  r eac t ion  mecha -  
n i sms  b y  d i rec t  m e a n s  of i n v e s t i g a t i o n  has  o f ten  led to 
mode l  s y s t e m  studies1,  2. Our  s tud ies  of m e c h a n i s m  in 
t he  f l av in  mono-nuc leo t ide  (FMN) reduced  n i c o t i n a m i d e  
a d e m i n e  d inuc leo t ide  (NADH) mode l  sys t em 3, 4 for r educed  
py r id ine  d inuc leo t ide  f l a v o e n z y m e  dehydrogenases  pro- 
duced  a n  in i t i a l  r eac t ion  r a t e  w h i c h  was 10 -~ t h e  r a t e  

of t he  ox ida t ion  oi N A D H  b y  t h e  N A D H  dehydro-  
genase  5 f rom bov ine  h e a r t  m i tochondr i a .  WANG 6 h a d  
proposed  t h a t  t he  e n h a n c e m e n t  of r eac t ion  ra t e  for  
berne-oxygen!  i n t e r a c t i o n  in h e m o g l o b i n  was t he  resu l t  
of t he  p ros the t i c  g roup  res id ing  in a p ro t e in  region 
of low dielectr ic  s t r eng th .  Studies  on  heme-ca t a lyzed  
ox ida t ions  fol lowing t h e  i nco rpo ra t i on  of h e m e  in to  
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po ly lys ine  a n d  po lys ty rene  gave  e x p e r i m e n t a l  s u p p o r t  
to  t h i s  thes i sL  P e r u t z  ca lcula tes  the  dielectr ic  s t r e n g t h  
of t he  he ine  in i t s  g lobin  e n v i r o n m e n t  to  be  a r o u n d  2-3. 

I n  a s t u d y  of t he  role of h e t e r o p o l y a m i n o  acids, inc lud-  
ing pro te in ,  in  enzymic  cata lysis ,  we chose to f ind  a r edox  
e n z y m e  model  of mixed  a m i n o  acids wh ich  h a d  no t  been  
t he  resu l t  of e v o l u t i o n a r y  specia l iza t ion.  KRAMPITZ and  
F o x  s h a d  r epo r t ed  t h a t  t he  aqueous  p o l y m e r i z a t i o n  of 
a m i n o a c y l  a d e n y l a t e s  would  form po lypep t ides  w i t h  
molecu la r  we igh t s  of up  to 150,000 if a p o l y a m i n o  acid 
core was used to i n i t i a t e  t he  po lymer iza t ion .  A s imi la r  
s y s t e m  is now repor t ed  f rom K a t c h a l s k y ' s  l a b o r a t o r y  9 
I t  has  been  r ecen t ly  r epo r t ed  t h a t  heine  could be incorpo-  
r a t e d  in such  po lymer s  10, a l t h o u g h  no de ta i l s  were given.  

Our  p rocedure  for syn thes i s  of p o l y a m i n o  acids is v e r y  
s imi la r  to  one used b y  NAKASHIMA et  a1.11. The  r eac t ion  
employs  2.59 g of a n  equ imo la r  m i x t u r e  of 20 a m i n o  
acids, 28.8 ml  of HzO, 93.6 ml  of pyr id ine ,  2.25 m l  of 
8 N HC1, 6.57 g of adenyl ic  acid, and  0.25 g of formyl-  
me th ion ine .  Th i s  is s t i r red  in a d r y  ice-acetone b a t h  in a 
hood.  To th i s  is a d d e d  91.8 g of d i cyc lohexy lca rbod i imide  
(DCCD) in 105 ml  of pyr id ine .  This  whole  m i x t u r e  is 
s t i r red  a t  - - 2 0  ~ for 31/~ h. The  d icyc lohexy lu rea  is t h e n  
r e m o v e d  b y  v a c u u m  f i l t ra t ion .  The  f i l t r a t e  is s e p a r a t e d  in 
a s e p a r a t o r y  funne l ;  t he  b o t t o m  layer  is saved.  The  
a m i n o a c y l  a d e n y l a t e s  in  t he  b o t t o m  layer  are n e x t  preci-  
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Fig. 1. Optical absorption spectrum of proteinoid from amino acyl 
adenylates polymerized with flavin mononucleotide in the oxidized 
state and following sodium dithionite reduction. 4 mg/ml proteinoid 
concentration. 

Optical rotatory dispersion spectrum of proteinoid I=MN 
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Fig. 2. Optical rotatory dispersion of proteinoi d polymerized with 
flavin mononueleotide. 0.4 mg/ml concentration corresponding to 
4.1 x 10 -5 M FMN was used. 

p i t a t e d  b y  150 ml  of d ry  ice cold acetone,  y ie ld ing  a 
g u m m y  gel. Th i s  is washed  w i t h  cold ace tone -e thano l  
(6:4) a n d  t h e n  ether .  The  po lymer i za t i on  to p o l y a m i n o  
acids (called a d e n y l a t e  p ro t e ino id  here) is c o n d u c t e d  as 
soon a f te r  th i s  as possible  in  4 g of sod ium b i ca rbona t e /25  
ml  of water ,  p H  9.6, for 1 h a t  room t e m p e r a t u r e s :  The  
m a t e r i a l  is t h e n  d ia lyzed  aga in s t  w a t e r  for one to  two 
days  a n d  lyophi l ized.  Yie lds  of 50% ca lcu la ted  on  s t a r t i n g  
a m i n o  acids are ob ta ined .  

Conduc t ing  t he  p o l y m e r i z a t i o n  in t he  presence  of 
heroin ,  ch lorophyl l ,  or f l av in  mononuc l eo t i de  p roduced  
i n t ense ly  red, green, or yel low colored p r o d u c t s  even  
a f te r  ex tens ive  dialysis.  The  presence  of f l av in  mononuc leo-  
t ide  in  t he  r eac t ion  m i x t u r e  caused a 50% r e d u c t i o n  in the  
i nco rpo ra t i on  of basic  residues,  th reon ine ,  and  pheny la l -  
an ine  (Table).  The  n e u t r a l  and  acidic res idue con t en t s  
were t he  same ill t h e  presence  or absence  of f l av in  mono-  
nuc leo t ide  in t h e  r eac t ion  m i x t u r e  a n d  are t he  s ame  as 
those  r epo r t ed  b y  NAKASHIMA et  al .U: The  p h o s p h a t e  
g roup  on t he  F M N  is no  d o u b t  t he  cause of t he  modif i -  
ca t ion  as bas ic  res idues  were la rgely  affected.  

Of m a n y  t echn iques  a t t e m p t e d  for d e t e r m i n a t i o n  of 
molecu la r  weight ,  S e p h a d e x  G-25 and  G-15 c h r o m a t o -  
g r a p h y  appea r s  to  b r a c k e t  t he  weight ,  a t  a b o u t  2.500, 
a l t h o u g h  qu i te  a n o m a l o u s  b e h a v i o r  is no t ed  b y  excessive 
r e t e n t i o n  t imes  on G-50 and  G-75. The  e lu t ion  profi les 
were  of s imi la r  shape  a n d  w i d t h  as those  o b t a i n e d  for 
pur i f ied  p ro t e in  and  pep t ide  marke r s .  These  are  in ter -  
p r e t e d  as i n d i c a t i n g  a po lymer  of l imi ted  h e t e r o g e n e i t y  
in  molecu la r  we igh t  in  t he  absence  of core c o m p o u n d  as 
also r epo r t ed  i n d e p e n d e n t l y  9, and  as has  been  r epo r t ed  
also for t h e r m a l  proteinoids13. 

The  opt ica l  p roper t i e s  of t he  m a t e r i a l  o b t a i n e d  b y  
p o l y m e r i z a t i o n  in t he  presence  of F M N  are  v e r y  s imi la r  
to  those  of free FMN.  B o t h  a b s o r p t i o n  a n d  f luorescence 
m e a s u r e m e n t s  ind ica te  �88 FMN/2 ,500  molecula r  weight .  
S o d i u m  d i t h i o n i t e  r educ t i on  occurs, b u t  i t  is uncompl i ca t -  
ed b y  the  reduced  f l av in  d i s p r o p o r t i o n a t i o n  reac t ions  
(see F igure  1). Th i s  resu l t  is s imi la r  to  t he  o b s e r v a t i o n  for 
t he  N A D H - F M N  sys tem,  r epo r t ed  severa l  years  ago 4, 
in wh ich  the  presence  of t h e r m a l l y  p r epa red  p ro te ino id  
ob l i t e r a t ed  t h e  free rad ica l  p a r a m a g n e t i c  r e sonance  
signal.  Opt ica l  r o t a t o r y  d ispers ion  gives a modi f ied  
s p e c t r u m  (Figure  2), however ,  w h e n  c o m p a r e d  to  a n y  of 
t h e  p laus ib le  f l av in  species. This  resu l t  is t e n t a t i v e l y  
i nd i ca t i ve  of a modi f ied  f l av in  e n v i r o n m e n t .  Compar i son  
w i t h  t h e  spec t ra  of SIMPSON a n d  VALLEE 13 SHOWS a lack 
of co r respondence  w i t h  FMN, AMP,  or FAD.  

1 W. P. JENCKS, Catalysis in Chemistry and Enzymology (McGraw- 
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Amino acid composition of amino acid adenylates polymerized to 
proteinoid in the presence and absence of flavin monoucleotide 

Amino acids Proteinoid Proteinoid Proteinoid + FMN 

-- FMN + FMN Proteinoid -- FMN 

Lysine l l . 4wno les  7.4txmoles 0.65 
Histidine 6.8 4.0 0.59 
Arginine 12.4 6.8 0.55 
Threonine 4.3 2.5 0.58 
Phenylalanine 4.4 2.8 0.64 
Others no significant change 

Analyses were performed on 0.4 mg aliquots on the Spinco 120B using 
the modification of HUBBARD TM. 
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Fig. 3. Optical absorption spectra of proteinoid polymerized in 
presence of heroin compared to free heroin spectra. 

Photodecarboxylation of pyruvate 
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Fig. 4. Kinetics of photo-decarboxylation of pyruvate measured by 
Warburg inanometry. 5 ml volume contained 4 mg/ml flavoproteinoid 
or 445 nm absorbance equivalent free FMN, 0.1 M pyruvate, and 
0.01 M potassium phosphate buffer, pH 6.8. Values are corrected 
volumes. Lines include error analysis. 

The  f lav in  is f ound  to  be  t i g h t l y  bound .  F luorescence  
t i t r a t i o n  b y  F M N  followed a t  525 n m  w i t h  a d e n y l a t e  
p ro te ino id  p r e p a r e d  in t he  absence  of F M N  yie lded a 
b i n d i n g  c o n s t a n t  of 2 • 10~. A d d i t i o n  of 2:1:1 bu t ano l -1  : 

glacial  acet ic  a c i d : w a t e r  releases t h e  cofactor.  The  
re leased cofac tor  moves  i n d i s t i n g u i s h a b l y  f rom F M N  on 
t h i n  l ayer  c h r o m a t o g r a p h y  in th i s  so lvent .  The  resu l t ing  
def lavo-po lypep t ide ,  however ,  possesses g rea t ly  a l te red  
so lub i l i ty  p roper t i e s  as a resu l t  of t he  bu tano l -g lac ia l  
acet ic  ac id -wa te r  t r e a t m e n t .  P ronase  d iges t ion  releases 
t i le f l av in  also. 

F igure  3 shows the  spec t ra l  p roper t i e s  of t he  ma te r i a l  
o b t a i n e d  b y  po lymer i za t i on  in t i le p resence  of h e m i n  
chloride.  Two b a n d s  were no rma l i zed  to  e q u i v a l e n t  
a b s o r b a n c e  to  a c c e n t u a t e  t h e  spec t ra l  shifts .  

Ca ta ly t i c  a c t i v i t y  has  been  no t ed  for t he  f l avopro te ino id  
m a t e r i a l  as a p y r u v a t e  deca rboxy lase  model  sys tem.  
Increases  in  r a t e s  were n o t e d  for t he  p o l y m e r i z a t i o n  
b o u n d  F M N  upon  p h o t o i l l u m i n a t i o n  f rom a n  o rd ina ry  
50 W l igh t  b u l b  15 cm f rom a 'vVarburg f lask in a rec i rcula t -  
ing B r o n w i l l - W a r b u r g  w a t e r  b a t h .  The  k ine t ics  are shown  
in F igure  4. R e d u c t i o n  b y  sod ium d i t h i o n i t e  a n d  reduced  
n i c o t i n a m i d e  aden ine  d inuc leo t ide  were followed in a 
Gibson  s topped- f low a p p a r a t u s  14 b y  us ing  a specia l ly  
des igned d e o x y g e n a t i o n  a p p a r a t u s  15. The  l i g h t - d e p e n d e n t  
E D T A  reduc t i on  u n d e r  anae rob ic  cond i tons  16 was also 
examined .  These  all showed  an  ins ign i f i can t  level of 
e n h a n c e m e n t  of r eac t ion  ra te .  

This  low molecu la r  we igh t  p ro t e in  model  p roduced  
enhancemenics  of p y r u v a t e  d e c o r b o x y l a t i o n  reac t ion  r a t e  
of 3-4  fold. E n h a n c e m e n t  of pe rox idase  ac t iv i t i es  in  
t h e r m a l  p ro te ino id  h a v e  been  repor ted  as h i g h  as 50 fold 17 

T h u s  on ly  smal l  v a l u e d  effects  of e n h a n c e m e n t  of 
r eac t ion  r a t e  are o b t a i n e d  in t he  presence  of ma te r i a l  
l ack ing  e v o l u t i o n a r y  specia l izat ion.  These  e n h a n c e m e n t s  
of r eac t ion  r a t e  d e m o n s t r a t e  t h a t  far  more  specific in te r -  
ac t ions  are necessa ry  to o b t a i n  t he  8 to  13 order  of 
m a g n i t u d e  e n h a n c e m e n t s  of r eac t ion  ra t e s  no t ed  in 
c o n t e m p o r a r y  enzymes  is. 

Rdsumd. Des mod61es d ' e n z y m e s  d ' o x y d o r 6 d u c t i o n  on t  
6t6 pr6par6s  p a r  po lym6r i s a t i on  des 20 a m i n o a c y l a d 6 n y -  
lares en pr6sence de f l av ine  mononuc l6o t ide ,  d ' h 6 m e  et  de 
chlorophyl le .  L ' a d d i t i o n  du  cofac teur  f l av in ique  au cours  
de la po lym6r i sa t ion  modif ie  la compos i t i on  en acides 
amin6s  du  po lym6re  ob tenu .  L ' a r t i c le  offre une  discussion 
sur  les t a n x  de r6act ion,  les ab so rp t i ons  op t iques  et  de 
d ispers ion  r o t a t o i r e  et  les propr i6t6s  g6n6rales des mod61es 
d ' e n z y m e s  d ' oxydor6duc t ion .  
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