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DERIVATIZING REAGENTS BASED ON 

OF PEPTIDES AND PROTEINS 
FERROCENE FOR HPLC-ECD DETERMINATION 

HEINER ECKERT. AND MARIANNE KOLLER 
Organisch Chemisches Institut 

d e r  Technischen Universitat Munchen 
Lichtenbergstrasse 4 

0-8046 Garching, Germany 

ABSTRACT 

Several ferrocenic compounds for derivatization of 
peptides and proteins were synthesized and then tested 
by reaction with bovine serum albumin (BSA). The 
reactivity of the reagents and the electroactivity of 
the derivatized BSA were estimated by the height of the 
ECD-signal after an HPLC analysis run. The most 
suitable reagent was 3-ferrocenylpropionic anhydride 
which reacts with BSA within 15 minutes at room 
temperature. The anhydride presented itself as a stable 
compound which can be synthesized in high yields. Up to 
pH 9 - 10 it is only slowly hydrolyzed, and its deriva- 
tization products are highly electroactive. Another 
reagent is especially suited to derivatize those 
proteins whose isoelectric points are higher than 10: 
Ferrocenylmethyl-succinimidyl-glycine-hydrochloride. 
This compound develops its derivatization activity only 
with pH values higher than 9 .  but it is rather 
difficult to prepare. 

INTRODUCTION 

Determination of peptides and proteins o f  low 

concentration in biological fluids after an HPLC 
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3400 ECKERT AND KOLLER 

a n a l y s i s  r u n  a f f o r d s  a h i g h l y  s e n s i t i v e  d e t e c t i o n  

m e t h o d .  One o f  t h e  most  s e n s i t i v e  d e t e c t o r s  f o r  HPLC i s  

t h e  e l e c t r o c h e m i c a l  d e t e c t o r  ( E C D )  wh ich  h a s  b e e n  

d e v e l o p e d  i n  t h e  p a s t  two d e c a d e s  ( 1 ) .  

Only  a few amino a c i d s  show a l i t t l e  e l e c t r o a c t i -  

v i t y :  T y r o s i n e  ( 2 ) ,  t r y p t o p h a n  ( 3 ) ,  a n d  m e t h i o n i n e  (4), 

f o r  e x a m p l e .  To d e t e r m i n e  t h o s e  amino  a c i d s  o r  p e p t i d e s  

c o n t a i n i n g  a t  l e a s t  o n e  o f  t h o s e  amino  a c i d s  a r a t h e r  

h i g h  o x i d a t i o n  p o t e n t i a l  ( >  +850  m V )  i s  n e c e s s a r y  ( 2  - 

7 ) .  B u t ,  h i g h  o x i d a t i o n  p o t e n t i a l s  a r e  n o t  u s e f u l  

b e c a u s e  o f  t h e  d e c r e a s e  i n  s e l e c t i v i t y .  

T h e r e f o r e ,  a n  e l e c t r o p h o r i c  g r o u p  h a s  t o  b e  

i n t r o d u c e d  t o  p e p t i d e s  a n d  p r o t e i n s .  We d e c i d e d  f o r  t h e  

f e r r o c e n i c  g r o u p  as  t h e  e l e c t r o p h o r e  b e c a u s e  t h e  

f e r r o c e n e  i s  e a s i l y  o x i d i z e d  t o  t h e  f e r r i c i n i u m  k a t i o n  

( 8 , 9 )  a n d  t h a t ' s  why a n  o x i d a t i o n  p o t e n t i a l  o f  +400 t o  

+ 5 O O  m V  i s  e n o u g h .  T h u s ,  d e r i v a t i z a t i o n  o f  a m i n e s  

( 1 0 ) .  s t e r o i d s  ( l l ) ,  f a t t y  a c i d s  (12). and  amino  a c i d s  

(13) w i t h  f e r r o c e n e  a l l o w s  t h e i r  s e n s i t i v e  a n d  

s e l e c t i v e  d e t e c t i o n  a f t e r  a n  HPLC a n a l y s i s  r u n .  

F e r r o c e n e ' s  e l e c t r o a c t i v i t y  i s  e v e n  h i g h e r  t h a n  

t h a t  o f  t h e  c a t e c h o l  r e s i d u e  whose o x i d a t i o n  t o  t h e  o-  

q u i n o n e  a t  +600 m V  u s e d  f o r  t h e  d e t e r m i n a t i o n  o f  

p l a s m a  c a t e c h o l a m i n e s  a n d  t h e i r  m e t a b o l i t e s  i n  t h e  

p i c o g r a m  r a n g e  i s  o n e  o f  t h e  b e s t  known e x a m p l e s  f o r  

t h e  r o u t i n e  u s e  o f  HPLC-ECD ( 1 4  - 1 7 ) .  

F u r t h e r m o r e ,  t h e  f e r r o c e n e  r e s i d u e  i s  s t a b l e  

e n o u g h  f o r  t h e  p r e p a r a t i o n  o f  a c t i v a t e d  a c i d s  wh ich  a r e  
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DERIVATIZING REAGENTS BASED ON FERROCENE 

F c - S O ~  C1 

Fc-C=NH x HC1 
I 
o c 2  H, 

Fc-CO-0-CO-FC 

Fc-CH, CH, -CO-O-CO-CH, CH2 -Fc 

Fc-CH, -N=C=O 

Fc-CH, -NH-CH, -CO-0-N 
X 
HC 1 0 

Fc (o$ 
Fe 

4 - 

340 1 

FIGURE 1: Formulas of ferrocene derivatizing reagents 
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3402 ECKERT AND KOLLER 

then reacted with the amino groups of the peptides and 

proteins. Another advantage of the ferrocene group is 

its bright color which allows easy purification of the 

ferrocenic compounds by column chromatography. 

We synthesized several ferrocenic compounds and 

tested them first by reaction with phenylalanine-tert- 

butylester in order to characterize the products and to 

roughly estimate their reactivity. The syntheses and 

the results of the test reactions with H-Phe-0-tert-Bu 

are reported elsewhere (18,l9). 

MATERIALS AND METHODS 

HPLC apparatus. The HPLC system consisted of a 

Model 510 pump, a Models 460 electrochemical detector 

with a potential set at +5OO mV vs. Ag/AgCl, an 

automated sample processor WISP 712, and a Protein-Pak 

1-125 column (all from Waters Ass., Milford, MA). The 

data were collected by a Waters Model 860 (MicroVax). 

Reagents. The ferrocenic compounds were all 

synthesized (18). The proteins were all purchased from 

Sigma Chemie (Miinchen, F.R.G.). The salts used in the 

mobile Phase were "p.A."-grade (Merck, Darmstadt, 

F.R.G) , and the acetonitrile was "HPLC"-grade 

(Promochem, Wesel, F.R.G.). The water was prepared by a 

Milli-Q-apparatus (Millipore GmbH, Eschborn, F.R.G.) . 
M o b i l e  Phase. 13.2 g ammonium sulfate (100 mmol) 

and 0.75 g tartaric acid ( 5  mmol) were diluted to 1000 

m l  with Milli-8-water. To 600 ml of this solution 400 
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DERIVATIZING REAGENTS BASED ON FERROCENE 3403 

m l  a c e t o n i t r i l e  were added .  The m i x t u r e  was t h e n  

d e g a s s e d  i n  a n  u l t r a s o n i c  b a t h .  (F low r a t e :  1 m l  / m i n )  

Buffer solutions. pH 6.8: 1 0 . 4  g K2HP04 and  7 g 

KH,POI, ( t o g e t h e r  1 . 2  mol )  were d i l u t e d  t o  100 m l  w i t h  

water .  p H  9 .1 :  1.55 g Na,HPO4 x 2 H,O (0.1 m o l )  were 

d i l u t e d  t o  100 m l  w i t h  w a t e r .  pH 12 .3 :  3.8 g Na3POI, x 

12  H , O  ( 0 . 1  mol )  were d i l u t e d  t o  100 m l  w i t h  water.  

B S A  solutions. 500 mg o f  BSA were d i l u t e d  t o  50 m l  

w i t h  water ( c  = 10  mg/ml ) .  From t h i s  s o l u t i o n  we t o o k  

10 m l  and  d i l u t e d  them t o  100 m l  ( c  = 1 m g / m l ) .  A g a i n ,  

w e  t o o k  10  m l  and d i l u t e d  them f o r  a n o t h e r  time t o  100 

m l  w i t h  water  ( c  = 0 . 1  mg/ml ) .  

SoZutions of the derivatizing reagents. 2 5  mg o f  

e a c h  r e a g e n t  1 - & ( f o r m u l a s  see f i g u r e  1) were d i l u t e d  

to 25 m l  w i t h  a c e t o n i t r i l e  e x c e p t  1. and 2, which  were 

d i l u t e d  w i t h  e t h y l e n g l y c o l m o n o m e t h y l e t h e r  and  water .  

r e s p e c t i v e l y  ( c  = 1 mg/ml ) .  

Sample preparation. 50 - 500 1 p r o t e i n  s o l u t i o n  + 

100 1 b u f f e r  s o l u t i o n  + 100 1 s o l u t i o n  o f  

d e r i v a t i z i n g  r e a g e n t  ( t o t a l  volume = 700 1 f o r  e a c h  

s a m p l e )  were mixed and i n c u b a t e d  a t  room t e m p e r a t u r e .  

+ 4 0  C ,  +5O C o r  +55 C f o r  a t  l e a s t  15  m i n u t e s .  T h e n ,  

10 1 o f  t h e  m i x t u r e  were d i r e c t l y  i n j e c t e d  i n t o  t h e  

HPLC-system. 

Data acquisition. For  t h e  e v a l u a t i o n  of  t h e  d a t a  

w e  d i r e c t l y  u s e d  t h e  p e a k  areas g i v e n  by t h e  ECD 

s i g n a l s .  No u n d e r i v a t i z e d  p r o t e i n s  c a n  b e  d e t e c t e d  

u n d e r  c o n d i t i o n s  d e s c r i b e d  h e r e .  
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T A B L E  1 

ECKERT AND KOLLER 

1 2 . 3  + 5 0  c 2 h  

6 . 8  +40 C 1 h  
6 . 8  RT 30 min 
6 .8  + 4 0  C 1 h  
6 . 8  RT 15 min 
6 . 8  RT 30 min 
9 . 1  RT 30 min 

9 . 1  +55 C 20  h 

RESULTS A N D  DISCUSSION 

The f o l l o w i n g  r e a g e n t s  were t e s t e d  by r e a c t i o n  

w i t h  BSA: 

A t  f i r s t ,  w e  d e t e r m i n e d  t h e  r e a c t i o n  c o n d i t i o n s  

f o r  r e a g e n t s  1 - S ( l i s t e d  i n  t a b l e  1 ) .  

I n  s p i t e  o f  t h e  h i g h  t e m p e r a t u r e s  and t h e  long 

i n c u b a t i o n  times f o r  1 and 2 t h e  E C D  s i g n a l s  were o n l y  

v e r y  p o o r ,  e v e n  a t  h i g h e r  p o t e n t i a l s .  T h u s ,  t h e s e  two 

r e a g e n t s  a r e  n o t  u s e f u l  a t  a l l  for a r o u t i n e  method.  

(We found  t h e  same p o o r  r e a c t i v i t y  i n  t h e  r e a c t i o n  w i t h  

H-Phe-0 - t e r t -Bu  (18).) 

To es t imate  t h e  e l e c t r o a c t i v i t y  o f  t h e  d i f f e r e n t  

BSA d e r i v a t i z a t i o n  p r o d u c t s  w e  measu red  t h e  c u r r e n t  

[nA] ( E C D  s i g n a l )  a t  t h e  b e s t  p o t e n t i a l  ( e v i d e n t  i n  t h e  

hydrodynamic  vo l t a rnograms)  of e a c h  p r o d u c t  and  set  i t  

i n t o  r e l a t i o n  t o  t h e  c o n c e n t r a t i o n  o f  t h e  c o n c e r n i n g  
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DERIVATIZING REAGENTS BASED ON FERROCENE 3405 

TABLE 2 

950 0 .410  305 0.0013 
950 1.737 226 0.0077 
500 5 .568  281 0.0198 

500 10.739 664 0.0162 z - 500 11 .056  246 0.0449 

500 13.997 420 0.0333 8 

r e a g e n t ,  The h i g h e r  t h e  f a c t o r  [nA/nmol] t h e  h i g h e r  t h e  

r e a c t i v i t y  o f  t h e  r e a g e n t  and t h e  h i g h e r  t h e  

e l e c t r o a c t i v t y  o f  t h e  p r o d u c t .  The BSA c o n c e n t r a t i o n  

was k e p t  c o n s t a n t  f o r  t h i s  e x p e r i m e n t .  The r e s u l t s  a r e  

summarized i n  t a b l e  2 .  

The f i r s t  e v i d e n t  r e s u l t  i s  t h a t  t h e  f e r r o c e n e  

c a r b o n i c  a c i d  d e r i v a t i v e s  3 and 5 p r o d u c e  BSA 

d e r i v a t i v e s  o f  v e r y  low e l e c t r o a c t i v i t y  ( p o t e n t i a l :  

+950 m V ) .  T h i s  i s  a p o t e n t i a l  r a n g e  w i t h  s i g n i f i c a n t l y  

low s e l e c t i v i t y .  Thus ,  3 and 4 w o n ' t  be  t h e  r e a g e n t s  o f  

c h o i c e  f o r  a s u c c e s s f u l l  d e r i v a t i z a t i o n  method.  

Among r e a g e n t s  3 - 8 a r e  two p a i r s  o f  compounds 

wh ich  e a c h  i n t r o d u c e  t h e  same g r o u p  i n t o  t h e  p r o t e i n  

and t h e r e f o r e  t h e  p r o d u c t s  h a v e  t h e  same e l e c t r o -  

a c t i v i t y :  5 and 5 a s  w e l l  as  5 and  6. The d i f f e r e n t  

v a l u e s  o f  t h e  f a c t o r s  c o n c e r n i n g  t h e  p a i r s  show t h a t  
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ECKERT AND KOLLER 3406 

t h e  a n h y d r i d e s  5 and 6 a r e  more r e a c t i v e  t h a n  t h e  

s u c c i n i m i d y l  esters f a n d  5. 
On t h e  o t h e r  h a n d ,  c o m p a r i s o n  o f  t h e  f a c t o r  v a l u e s  

f o r  t h e  a n h y d r i d e s  5 and 6 and  t h o s e  o f  t h e  

s u c c i n i m i d y l  es ters  3 ,  5 and shows t h a t  t h e  f a c t o r  i s  

t h e  h i g h e r  t h e  more s p a c e r s  a r e  be tween  t h e  f e r r o c e n y l  

r e s i d u e  and t h e  r e a c t i o n  c e n t e r .  

Shimada e t  a l .  (11) who o b s e r v e d  t h e  same e f f e c t  

d e r i v a t i z i n g  t h e  h y d r o x y l  g r o u p s  o f  s t e r o i d s  w i t h  

FcCOCl or FcCOCN (+800 m V ,  low r e a c t i v i t y ) ,  and  

Fc(CH,),COCl (+360 mV, h i g h e r  r e a c t i v i t y ) ,  r e s p e c t i v e l y  

i n t e r p r e t  t h e s e  r e s u l t s  w i t h  t h e  e l e c t r o n - w i t h d r a w i n g  

e f f e c t  o f  t h e  c a r b o n y l  g r o u p  i f  t h i s  i s  n e x t  t o  t h e  

f e r r o c e n e  g r o u p .  I n  o t h e r  w o r d s ,  t h e  two m e t h y l e n  

g r o u p s  f a c i l i t a t e  t h e  o x i d a t i o n  o f  t h e  f e r r o c e n i c  g r o u p  

by s t a b i l i z i n g  t h e  f e r r i c i n i u m  k a t i o n  w i t h  t h e i r  +I- 

e f f e c t .  

We t h i n k ,  b e s i d e s  t h e s e  e l e c t r o n i c  e f f e c t s  t h e r e  

'must b e  a s i m p l e  k i n e t i c  e f f e c t ,  t o o .  I f  t h e  d i s t a n c e  

be tween  t h e  vo luminous  f e r r o c e n e  g r o u p  and t h e  p r o t e i n  

i s  t o o  s m a l l ,  t h e  r e a c t i o n  i t s e l f  as w e l l  a s  t h e  

o x i d a t i o n  of  t h e  f e r r o c e n i c  g r o u p  i s  s t e r i c a l l y  

h i n d e r e d .  If t h e  d i s t a n c e  i s  p r o l o n g e d  t h e  r o t a t i o n a l  

b a r r i e r s  are  l o w e r e d  and  t h e  f e r r o c e n i c  g r o u p  c a n  t a k e  

a p o s i t i o n  o f  less  s t r a i n .  T h i s  means h i g h e r  r e a c t i v i t y  

f o r  t h e  r e a c t i o n  w i t h  t h e  p r o t e i n  a n d  h i g h e r  o x i d a t i o n  

r a t e s  a t  t h e  work ing  e l e c t r o d e  o f  t h e  ECD. 
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DERIVATIZING REAGENTS BASED ON FERROCENE 3407 

T h i s  k i n e t i c  e f f e c t  migh t  e x p l a i n  why Shimada e t  

a l .  (11) s u c c e s s f u l l y  d e r i v a t i z e  t h e  s t e r o i d s  w i t h  

FcCON3 which fo rms  an u r e t h a n  w i t h  t h e  OH-groups ( F c -  

N H - C O - R ) .  T h i s  u r e t h a n  w i t h o u t  t h e  + I - e f f e c t  o f  

m e t h y l e n  g r o u p s  c a r r i e s  one  s p a c e r  and c a n  e a s i l y  b e  

o x i d i z e d  a t  +400 m V .  

Our r e a g e n t  & c a r r i e s  two m e t h y l e n  g r o u p s ,  b u t  

t h e y  a r e  s e p a r a t e d  by a p r o t o n a t e d  amino g r o u p .  T h u s ,  

t h e i r  + I - v e c t o r s  a r e  n o t  o f  a u n i q u e  d i r e c t i o n .  D e s p i t e  

o f  t h i s ,  & h a s  t h e  h i g h e s t  f a c t o r  and  i s  t h e  o n l y  

r e a g e n t  w i t h  t h r e e  s p a c e r s  i n  t a b l e  2 .  

With r e a g e n t  2 - & we p e r f o r m e d  a n o t h e r  t e s t  t o  

es t imate  t h e i r  r e a c t i v t y  and t h e i r  s e n s i t i v i t y  f o r  

h y d r o l y z a t i o n .  The c o n c e n t r a t i o n  of  e a c h  f e r r o c e n i c  

r e a g e n t  was k e p t  c o n s t a n t ,  w h e r e a s  t h e  BSA 

c o n c e n t r a t i o n  was v a r i e d .  F i g u r e s  2 - 5 r e p r e s e n t  t h e  

r e l a t i o n  o f  BSA c o n c e n t r a t i o n  v s .  p e a k  a r e a  f o r  e a c h  

d e r i v a t i z i n g  r e a g e n t .  The d o t t e d  l i n e s  mark t h e  p o i n t  

where  s a t u r a t i o n  o f  BSA a t  t h e  g i v e n  r e a g e n t  

c o n c e n t r a t i o n  i s  r e a c h e d .  

The r e l a t i o n  be tween  r e a g e n t  amount and s a t u r a t i o n  

p o i n t  g i v e s  a f a c t o r  which we c a l l e d  t h e  " s u r p l u s  

f a c t o r " .  The h i g h e r  t h i s  f a c t o r  t h e  more f e r r o c e n i c  

g r o u p s  c a n  b e  i n t r o d u c e d  i n t o  t h e  BSA m o l e c u l e  by t h e  

c o n c e r n i n g  r e a g e n t  and t h e  h i g h e r  i t s  r e a c t i v i t y .  T a b l e  

3 summar izes  t h e  r e s u l t s .  
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FIGURE 2: Reaction of 3-ferrocenyl-succinirnidylpropionat (4) 
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F I G U R E  3: Reaction of 3-ferrocenylpropionic anhydride (5 )  
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FIGURE 4: Reaction of ferrocenylmethylisocyanat (1) 
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FIGURE 5: Reaction of (ferrocenylmethy1)-succinimidyl-glycine- 
hydrochloride (8) 
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T A B L E  3 

ECKERT AND KOLLER 

R e a c t i v i t y  E s t i m a t i o n  by D e t e r m i n a t i o n  o f  t h e  " S u r p l u s  
Fac t o  r " : 

R e a g e n t  R e a g e n t  BSA amount a t  S u r p l u s  F a c t o r  
amount s a t u r a t i o n  p o i n t  
[nmol] [ nmol] [nmol/nmol]  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

280 
422 
606 
542 

37 
10 
23 
21 

7.6 
4 2 . 2  
2 6 . 3  
2 5 . 8  

T h i s  means,  r e a g e n t  6 ( 3 - f e r r o c e n y l p r o p i o n i c  

a n h y d r i d e )  i s  t h e  most r e a c t i v e  one  and i s  l e a s t  

h y d r o l y z e d  of  a l l .  

I t  i s  o b v i o u s  t h a t  t h e  r e a g e n t  s o l u t i o n  i s  n o t  

s t a b l e  o v e r  a l o n g e r  p e r i o d .  To r e c e i v e  r e p r o d u c i b l e  

r e s u l t s  t h e  s o l u t i o n  h a s  t o  be  renewed a t  l e a s t  a f t e r  

o n e  week. But t h e  p r e c i s i o n  w i t h i n  a day  i s  v e r y  good :  

A l l  c o e f f i c i e n t s  of  v a r i a t i o n  a re  below 5 %. 

F u r t h e r m o r e ,  we t e s t e d  r e a g e n t  6 w i t h  a few 

d i f f e r e n t  p r o t e i n s :  Chymot ryps inogen  ( c  = 0 . 9 5  mg/ml i n  

w a t e r ) ,  R - l a c t o g l o b u l i n e  ( c  = 1 . 0 1  mg/ml, i n  w a t e r ) ,  - 

c a s e i n e  ( c  = 1 . 0 3  mg/ml i n  w a t e r ) ,  lysozyme ( c  = 1 . 3 8  

mg/ml i n  w a t e r ) ,  hemoglob ine  ( c = 1.69 mg/ml i n  

water) ,  c y c t o c h r o m e  C ( c '  = 0 . 6 8  m g / m l  i n  w a t e r ) ,  

r i b o n u c l e a s e  ( c  = 0 . 3 6  m g / m l  i n  water ) ,  f i b r i n o g e n  ( c  = 

1 mg/ml i n  w a t e r ) ,  myog lob ine  ( c  = 1 mg/mf i n  w a t e r ) ,  

and o v a l b u m i n e  ( c  = 1 m g / m l  i n  water) .  
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TABLE 4 

P r e c i s i o n  o f  t h e  D e r i v a t i z a t i o n  o f  BSA w i t h  R e a g e n t  6:  
S e r i e s  P e a k  Area S t a n d a r d  C o e f f i c i e n t  o f  

mean v a l u e  d e v i a t i o n  v a r i a t i o n  
( n  = 10)  [ X I  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

26.3 
2 4 . 1  
24.3 
24.8 

24.8 
21.0 
15.3 
15.6 

22 .5  

16.3 

1.23 4.68 
0 .91  3.78 
0.95 3 . 9 1  
0 .98  3.95 
0 . 9 1  4 .04  
0.56 2.26 
0.60 2 .86  
0.68 4.44 
0.69 4 . 4 2  
0.65 3.99 

We f o u n d  t h e  f o l l o w i n g  r e l a t i o n s  b e t w e e n  p r o t e i n  

a n d  g r a d e  o f  d e r i v a t i z a t i o n :  

1. The  h i g h e r  t h e  i s o e l e c t r i c  p o i n t  o f  t h e  p r o t e i n  

t h e  h i g h e r  t h e  pH v a l u e  o f  t h e  r e a c t i o n  medium h a s  

t o  b e  i n  o r d e r  t o  i n c r e a s e  t h e  number o f  t h e  

r e a c t i o n  c e n t e r s  ( l y s i n e  s i d e  c h a i n s ,  for 

e x a m p l e ) .  

2 .  The  h i g h e r  t h e  pH v a l u e  o f  t h e  r e a c t i o n  medium t h e  

h i g h e r  t h e  h y d r o l i z a t i o n  r a t e  of  r e a g e n t  6 w h i c h  

i s  e v i d e n t  i n  t h e  s i g n i f i c a n t  d e c r e a s e  o f  t h e  E C D  

s i g n a l  a t  h i g h e r  pH v a l u e s  i f  t h e  i s o e l e c t r i c  

p o i n t  of t h e  p r o t e i n  i s  b e l o w  7 .  (For p r o t e i n s  

w i t h  i s o e l e c t r i c  p o i n t s  > 7 t h e  i n c r e a s e  of  

r e a c t i o n  c e n t e r s  a t  h i g h e r  pH v a l u e s  c o v e r s  t h e  

l o s s  o f  r e a g e n t  a c t i v i t y . )  T h i s  means ,  p r o t e i n s  
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l i k e  l y s o z y m e  ( w h i c h  h a s  a n  i s o e l e c t r i c  p o i n t  o f  

11) are  b e t t e r  d e r i v a t i z e d  w i t h  r e a g e n t  8 whose  

d e r i v a t i z i n g  a c t i v i t y  s t a r t s  a t  pH v a l u e s  h i g h e r  

t h a n  9 ( s e e  t a b l e  1 )  b e c a u s e  of  i t s  s a l t  

s t r u c t u r e .  

3 .  Compar ing  two p r o t e i n s  w h i c h  h a v e  a b o u t  t h e  same 

i s o e l e c t r i c  p o i n t  t h e  g r a d e  of  d e r i v a t i z a t i o n  

( h e i g h t  o f  t h e  ECD s i g n a l )  i s  t h e  h i g h e r  t h e  

h i g h e r  t h e i r  number o f  b a s i c  amino  a c i d s  ( r e l a t i v e  

a n d  a b s o l u t e ) .  The  a b s o l u t e  number o f  b a s i c  amino  

a c i d s  d e p e n d s  o n  t h e  m o l e c u l a r  w e i g h t  o f  t h e  

p r o t e i n .  T h i s  m e a n s ,  t h e  g r a d e  o f  d e r i v a t i z a t i o n  

i s  t h e  h i g h e r  t h e  h i g h e r  t h e  m o l e c u l a r  w e i g h t  o f  

t h e  p r o t e i n  i s .  T h e r e f o r e ,  t h e  d e t e c t i o n  l i m i t  

wh ich  d e p e n d s  on t h e  g r a d e  o f  d e r i v a t i z a t i o n  i s  

d i f f e r e n t  f rom p r o t e i n  t o  p r o t e i n .  G e n e r a l l y ,  t h e  

d e t e c t i o n  l i m i t  i s  f o u n d  i n  t h e  low p i c o m o l e  

r a n g e .  
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