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Kid-point redox potentials of multiheme cytochromes determined 
a f t e r deconvolution of cv and dpv experimental data i n d i f f e r e n t 
electrode systems 

Cytochrome C 3 Method pH E 2 E3 E4 

D.baculatus CV 4 . 9 -60 -180 -300 -360 
(carbon-edge) 6 .3 -130 -190 -320 -360 (carbon-edge) 

7 .6 -140 -200 -320 -360 
IS .0 -150 -210 -330 -380 
9 . 2 -150 -210 -330 -380 
10 . 3 -200 -270 -330 -380 

D.baculatus CV 7 . 6 -150 -270 -340 -370 
(Indium oxide) 

D.baculatus DPV 5 0 -70 -170 -300 -345 
(Au) 7 0 -155 -260 -310 -355 

9 0 -170 -260 -320 -370 

Estimated e r r o r (mv) Ej^lO E 2±20 E 3±15 E 4±10 

These redox potentials were determined by independent methods (namely E P R ) w i th a good 

agreement, giving confidence on the deconvolution method used. 

We plan to apply our method to other systems, namely hexaheme proteins (nitrite reductase) 

where multiredox reaction occurs in paralell with high-spin / low-spin equi l ibrium that is a deter

mining factor of protein reactivity. 
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ABSTRACT 

A compara t i ve s tudy o f the S c h i f f bases formed by r e a c t i o n o f the 

p y r i d o x a l (PL) and p y r i d o x a 1 - 5 ' - p h o s p h a t e (PLP) w i t h hexy lamine i n b a s i c media 

was c a r r i e d ou t . A c i d - b a s e d i s s o c i a t i o n cons tan t o f the imine group was 

o b t a i n e d by s p e c t r o p h o t o m e t r i c measurements. Apparent f o r m a t i o n cons tan t o f 

the S c h i f f base was o b t a i n e d as a f u n c t i o n o f the pH. E l e c t r o d e p rocesses were 

c o n s i d e r e d on the b a s i s o f p o l a r o g r a p h i c and k i n e t i c parameters . 

INTRODUCTION 

PLP i s a c o f a c t o r o f numerous enzymes which c a t a l y z e r e a c t i o n s o f 

t r a n s a m i n a t i o n , d e c a r b o x y l a t i o n , ct-p e l i m i n a t i o n , e t c . The b i n d i n g t o p r o t e i n 

i s v i a f o r m a t i o n o f a S c h i f f base w i t h a l y s i l r e s i d u e * S t u d i e s o f the 

r e a c t i o n o f PLP w i t h p r imary amines or amino a c i d s con f i rmed t h a t the 

f o r m a t i o n o f the S c h i f f base i s coup l ed w i t h m u l t i p l e a c i d - b a s e and t au tomer i c 
2 3 

e q u i l i b r i a . ' The S c h i f f base o f PLP and hexy lamine was proposed as a s imp l e 

model to e s t i m a t e p o l a r i t i e s o f the microenv i ronment o f the coenzyme on the 
4 

b a s i s o f s p e c t r o p h o t o m e t r i c p r o p e r t i e s . Indeed, combined s p e c t r o p h o t o m e t r i c 

and e l e c t r o c h e m i c a l s t u d i e s a l l o w e d a q u a n t i t a t i v e c h a r a c t e r i z a t i o n o f 

e q u i l i b r i a i n s o l u t i o n o f t h i s S c h i f f b a s e f ' 6 

The p r e s en t work d e a l s w i t h a comparat i ve s tudy o f the S c h i f f base o f PL 

and PLP w i t h hexy lamine by DC and DP and c y c l i c v o l t a m m e t r i c i n b a s i c media. 

In a d d i t i o n , a s tudy o f the U V - v i s i b l e s p e c t r a o f the r e a c t i o n m i x tu r e has 

been c a r r i e d out to c h a r a c t e r i z e the p r o t o n a t i o n e q u i l i b r i u m i n v o l v e d i n the 

e l e c t r o r e d u c t i o n o f the S c h i f f base. 

EXPERIMENTAL 

PL and PLP were purchased from Sigma. The S c h i f f bases were o b t a i n e d by 

add ing known amounts o f hexy lamine to PL and PLP s o l u t i o n s . In a l l cases 

measurements were c a r r i e d out a f t e r the r e a c t i o n reaches e q u i l i b r i u m . A l l 

o th e r c o n d i t i o n s were s i m i l a r to those d e s c r i b e d i n r e f s . 7 and 8. 

(*) To whom correspondence shou ld be addressed 
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RESULTS AND DISCUSSION 

Our r e s u l t s i n d i c a t e t h a t the r e a c t i o n m i x t u r e shows two r e d u c t i o n waves 

under most o f the c o n d i t i o n s . F i r s t wave cor responds to the r e d u c t i o n o f the 

S c h i f f base and the second wave to the r e d u c t i o n o f the f r e e c a r b o n y l (PLP 

o r PL) . The r a t i o o f the l i m i t i n g c u r r e n t o f the waves i s a f u n c t i o n o f the 

H 2 0 3 P 0 H 2 C ^ ^ \ ^ H 

PL 

pH and the molar i n i t i a l r a t i o amine :a ldehyde . In the PLP S c h i f f base appear 

a d d i t i o n a l waves i n s t r o n g b a s i c media c o r r e spond ing to the coenzyme. From a 

comparat i ve a n a l y s i s o f the l i m i t i n g c u r r e n t a c o m p e t i t i o n between f o r m a t i o n 

o f the h e m i a c e t a l o f PL and S c h i f f base i s shown. T h i s f a c t i s observed a pH 

lower than the p r o t o n a t i o n pK o f the h e t e r o c y c l e o f t h i s a ldehyde . 

The e l e c t r o c h e m i c a l behav i our i s i n agreement w i t h the scheme 1, 

c o r r e s p o n d i n g to e l e c t r o a c t i v e s p e c i e s coup l ed by a p s e u d o f i r s t o rde r chemica l 

r e a c t i o n : 

2e, 2 H + k 2e, 2H* 
< R-CHO f R-CH=N-R' > 

E° k E° 
2 b 1 

(second wave) ( f i r s t wave) 
Scheme 1 

The a n a l y s i s o f the c u r r e n t - t i m e curves on the l i m i t i n g zone o f the f i r s t 

wave shows a d i f f u s i o n c o n t r o l i n a wide pH range. However i n s t r o n g b a s i c 

media, a k i n e t i c c o n t r o l i s observed i n the e l e c t r o r e d u c t i o n o f the S c h i f f 

base. 

Under d i f f u s i o n c o n t r o l and assuming s i m i l a r d i f f u s i o n c o e f f i c i e n t s the 

eqn (1) express the r e l a t i o n s h i p between the l i m i t i n g c u r r e n t o f the f i r s t and 

o v e r a l l p r o c e s s , the amine c o n c e n t r a t i o n and the e q u i l i b r i u m r a t i o , K . T h i s 
P H 

r a t i o i s d e f i n e d t a k i n g i n t o account s p e c i e s w i t h d i f f e r e n t p r o t o n a t i o n s tages 

o f S c h i f f base, PLP and amine. 

(1/ i ) = (1/1 J + [ ( 1 / i K ) ( l / c )] (1) 
L I D D p H A 
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The S c h i f f base o f PLP shows a h i g h e r s t a b i l i t y a t pH c l o s e to 10. Two 

i n f l e c t i o n s due to p r o t o n a t i o n r e a c t i o n s o f the n i t r o g e n o f the h e t e r o c y c l e 

and the im ine are observed . In the S c h i f f base o f PL, a p l a t e a u i s o b t a i n e d i n 

s t r o n g b a s i c media c o r r e spond ing to unpro tona ted s p e c i e s i n s o l u t i o n . The 

i n f l e c t i o n a t low pH shou ld be r e l a t e d to the p r o t o n a t i o n o f the n i t r o g e n of 

PL. 

In s t r o n g b a s i c media the v a l u e o f K shou ld be taken as an e s t ima te 
p H 

because o f the i n f l u e n c e o f the chemica l r e a c t i o n on the top o f the wave. Th i s 

e f f e c t i s r e l a t e d to the presence o f the c a r b i n o l a m i n e i n t e r m e d i a t e i n 

s o l u t i o n and i t s f a s t d e h y d r a t i o n (Scheme 2 ) . T h i s i s a d i f f e r e n c e i n 

b ehav i ou r w i t h a weak b a s i c medium. Under such c o n d i t i o n s c a r b i n o l a m i n e i s 
3 

n e g l i g i b l e and the d e h y d r a t i o n r e a c t i o n i s the r a t e de t e rming s t ep . 

By LSCV the k i n e t i c e f f e c t i s e l i m i n a t e d . The c u r r e n t f u n c t i o n o f the 

f i r s t peak c o r r e spond ing to the S c h i f f base dec reases as the scan r a t e 
1/2 

i n c r e a s e s . At v > 10 v/s the term i /v i s v - independent and p r o p o r t i o n a l to 
p 

the e q u i l i b r i u m c o n c e n t r a t i o n o f the S c h i f f base. The v a l u e o f K 
so 

c o r r e s p o n d i n g to the r e a c t i o n between unpro tona ted s p e c i e s can be o b t a i n e d . 

R-NH, 

CH 

H,0 

The p r o t o n a t i o n pK 

Carb ino l am ine HS 

Scheme 2 

o f the imine group was o b t a i n e d by U V - v i s i b l e 

a b s o r p t i o n s p e c t r a . Va lues o f 10.7 and 13 were ob t a in ed f o r PL and PLP S c h i f f 

base, r e s p e c t i v e l y . The i n f l u e n c e o f a p r o t o n bonding between the conjugate 

a c i d o f the imine and o - h y d r o x i group i s r e s p o n s i b l e o f t h i s d i f f e r e n c e . 

In the t a b l e , p o l a r o g r a p h i c and k i n e t i c r e s u l t s a re c o l l e c t e d f o r bo th 

S c h i f f bases . The r e s u l t s a re i n agreement w i t h a two e l e c t r o n , two p r o t on 
9 10 

r e d u c t i o n a c c o r d i n g to the g e n e r a l behav iour o f the S c h i f f bases . The 

e l e c t r o a c t i v e s p e c i e s i s the con jugate a c i d o f the im ine . At pH>pK s H a 

p r e v i o u s r e c o m b i n a t i o n o f the s p e c i e s S w i t h H + i o n i s observed . T h i s 

r e a c t i o n i s observed even a t pH<pK s H i n the PLP S c h i f f base because o f the 

k i n e t i c c o n t r o l by d e h y d r a t i o n o f the c a r b i n o l a m i n e . 
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P o l a r o g r a p h i c and k i n e t i c parameters o f the S c h i f f base 

PLP:hex PL: hex 

8.5<pH<11.3 pH>11.3 pH<10.4 pH>10.4 

90 -58 -88 

-54 -83 

29 -29 -29 

-29 -29 

2.1 3 .0 

0. 9 
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THE EFFECT OF Ta ION IMPLANTATION ON THE AQUEOUS CORROSION 

RESISTANCE OF M50 BEARING STEEL 
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C o r r o s i o n o f t h e l o c a l i z e d t y p e o f s t e e l b e a r i n g s u s e d i n 

g a s t u r b i n e e n g i n e s h a s b e e n f o u n d t o b e a s e r i o u s p r o b l e m . T h i s 

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

t h e e n g i n e l u b r i c a n t , p r o b a b l y , d u r i n g n o n - w o r k i n g p e r i o d s . 

A l a r g e p e r c e n t a g e o f b e a r i n g s c a n b e r e m o v e d f r o m s e r v i c e 

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

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

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

r e s i s t a n c e o f i o n i c a l l y i m p l a n t e d s u b s t r a t e s o f M50 s t e e l w i t h 

T a . I m p l a n t a t i o n w i t h o t h e r i o n s i s b e i n g i m p l e m e n t e d . 

M e a s u r e m e n t s o n n o n i m p l a n t e d s a m p l e s w e r e made o n M50 

s t e e l d i s k s s u p p l i e d b y RHP B e a r i n g s L t d . N o m i n a l c o m p o s i t i o n i s 

g i v e n e l s e w h e r e ^ ^ ^ . 

P o t e n t i o s t a t i c d e t e r m i n a t i o n o f b r e a k d o w n p o t e n t i a l s ( E b ) 

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

E l e c t r o n M i c r o s c o p y w e r e a l s o c o n d u c t e d . 

E x p e r i m e n t a l d e t a i l s a r e g i v e n e l s e w e r e ^ ^ . 

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

5 x 1 0 i o n s . c m ^ t o 4 x 1 0 " ^ i o n s . c m ^ w e r e s t u d i e d u s i n g t h e same 

t e c h n i q u e s a s f o r t h e b a s e m e t a l ( s e e F i g . l ) . 

A n o v e r a l l v i e w o f t h e e f f e c t o f i m p l a n t a t i o n i s b e t t e r 

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

s c a n r a t e i n a l o g - l o g p l a n e . The r e l a t i o n s h i p i s f o u n d t o b e 

l i n e a r ( F i g . 2 ) w i t h no s i g n i f i c a n t d i f f e r e n c e b e t w e e n d o s e s i n 

t h e r a n g e f r o m 5xl<d^^ t o 2 x 1 0 " ^ i o n s , cm ^ p r o b a b l y d u e t o 
T 2 3 1 

s p u t t e r i n g a n d s a t u r a t i o n 1 ' . A k i n e t i c a n a l y s i s i s t h e s u b j e c t 

o f f u r t h e r p u b l i c a t i o n . 
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