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' , A bstract

P art I  o f the th e s is  deals with the formation and transam ination 

of S c h if f 's  base complexes of copper, pyridoxal phosphate and glutam ate, 

and the transam ination of reactio n  m ixtures containing copper, 

pyridoxamine phosphate and a -k e to g lu ta ric  acid .

The form ation of the complex of copper,, pyridoxal phosphate and 

glutamate was found to  be f i r s t  order in  both pyridoxal phosphate and 

glutamate and zero order in  copper. Spectrophotometric s tud ies showed 

iso sb es tiv  po in ts when reactio n  m ixtures were scanned over the  range 

20,000-35f000 cm*"̂  ind ica ting  th a t only one step  is  involved.

At high concentrations of copper (^l6  mî-l) the i n i t i a l  re ac tio n  ra te  

became s lig h tly  dependent upon the  copper concentration, and the i n i t i a l  

o p tic a l density  of the reac tio n  mixture departed from th a t of pyridoxal 

phosphate. These deviations are explained by the po stu la tio n  of an 

interm ediate carbinolamine complex. '

The complex formed from copper, pyridoxal phosphate and glutamate 

transam inated to  give pyridoxamine phosphate and a -k e to g lu ta ric  ac id , •

The presence of m etal ions appears to  ca ta ly se  the transam ination 

reac tio n , copper being the  most a c tiv e . I f  account was taken of the  fa c t  

th a t  in  the absence of metal ions the  S c h iff’s base of pyridoxal 

phosphate and g lu tanate  i s  la rg e ly  hydrolysed, however, the  ra te  of 

transam ination was found to  be le s s  in  the  presence of metal ions 

than in  th e i r  absence.

The transam ination 6f reac tio n  mixtures containing copper, 

pyridoxamine phosphate and a -k e to g lu ta ric  acid took place without 

s ig n if ic a n t form ation of the S c h iff’s base complex, due to  the  unfavourable
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equilibrium  constant fo r  the  formation of the  S c h if f 's  base in  th is  system. 

Transamination was found to  be very much more rap id  than in  th e  case of 

the  copper complexes of the  S c h if f 's  base of pyridoxal phosphate and 

glutam ate. .

The transam ination of pyridoxamine phosphate and a -k e to g lu ta ric

acid i s  f ir s t" o rd e r  in  a -k e to g lu ta ric  acid ( ta i l in g  o ff  a t  higher

concentrations of ..aKG) and ex h ib its  a ra te  maximum a t  a copper concentration

of tifice  th a t of pyridoxamine phosphate. This maximum i s  ju s t i f ie d

mathematically by assuming th a t the concentration of a complex of copper

and the S c h if f 's  base from pyridoxamine phosphate and a -k e to g lu ta ra te
2+i s  very low, and th a t the complex accepts a fu r th e r  Cu ion a t  high 

concentrations of copper.

The transam ination of pyridoxamine phosphate was found to  be ■ 

preceded by what a t  f i r s t  appeared to  be an induction period , fu r th e r  study 

of which ind ica ted  th a t  the  very small change in  absorbance was caused by 

a ra te  lim itin g  dehydration of the  carbinolamine of pyridoxamine phosphate 

and cL-ketoglutarate. Low concentrations of carbinolam ine; S c h if f 's  base 

complex ; S c h if f 's  base and carbinolamine complex account fo r the  f i r s t  

o rder nature of the reac tio n . The non-zero values of these concentrations 

probably cause the  deviation from f i r s t  o rder.

Part I I  of the th e s is  i s  concerned ifith  the  evaluation .o f the 

s ta b i l i ty  constants of the simple and mixed complexes of pyridoxal 

phosphate, pyridoxamine phosphate, glutamate and u -k e to g lu ta ra te .

The pK values of pyridoxal.phosphate, pyridoxamine phosphate and 

CL-ketoglutaric acid (necessary fo r  s ta b i l i ty  constant determ inations)
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were found by means of a potentlorne tr ic  t i t r a t i o n  method. The s ta b i l i ty  

constants of copper and n ickel with pyridoxal phosphate; copper, n ick e l, 

cobalt and zinc with pyridoxamine phosphate phosphate; and copper, n ickel, 

cobalt and zinc with a -k e to g lu ta ric  acid were"also determined by a sim ila r 

method.

The s ta b i l i ty  constants as normally defined are shown to  be 

meaningless where the  compleit can accept protons at. p [ligand anion] valües 

of 0 ,5  and 1 .5  and re s u lts  obtained by the  usual procedures have been 

converted to  more meaningful re s u lts  when the pK values of the complex 

are knovm.

A graphical method of determining th e  s ta b i l i ty  constants of the 

complexes of the  S c h if f 's  base of pyridoxal phosphate and glutamate has 

been developed. The method, r e l ie s  on absorbance readings taken a t  one 

wavelength o&ly. A graph i s  p lo tted  of L og(S tab ility  Constant) against 

assumed values of the ex tin c tio n  c o e ff ic ie n t of the  c o m p l e x T h e  

in te rse c tio n  o f these l in e s  fo r  several s e ts  of experimental conditions 

gives the required value of the  s ta b i l i ty  constant.

The equilibrium  constant fo r the  formation of the  S ch iff ' s base of 

pyridoxal phosphate and glutamate, required  in  the above, was found by 

the usual graphical method a t  several pH values.

A potentiom etric t i t r a t i o n  ipethod was used to  evaluate the  s ta b i l i ty  

constants of complexes of the  type where P and G. represen t pyridoxal

(or pyridoxamine) phosphate and glutamate (o r a -k e to g lu ta ra te ) resp ec tiv e ly , 

and where p and g can take values up to  2 . A computer was used to  solve 

the  complex equations which were derived to  describe the systen.
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Introduction

Transamination i s  one of a large group of reactions of amino 

acids (I )  which are catalysed by pyridoxal phosphate (II) containing 

enzymes*(l,2).

H T H 
I  I I 

R—C-C~C~CO.,H 
I I I  2
X H RKo

(I)

0= P— 0—CH

(I I )

These include’

( i )  Elimination and replacement of substituents on the a-carboh, 

as in '

(a) Transamination

(b) Dissociation of the a-hydrogen

(c) Racémisation of a-amino acids

(d) Oxydative deamination

(e) Decarboxylation of a-amino acids

( f )  a,p clevage of p-hydroxyamino acids

(g) Condensation of glycine (or serine)

^ An enzyme i s  defined as a protein with catalytic propertities due 

to i t s  powers of specific  activation,
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and

( i i )  Elimination and replacement of substituents* on (3 and j'-carbon 

atoms.

These apparently unrelated reactions have been ra tio n a lised  by 

Metzler*s mechanism (p 12).

Most of these enzymatic reactions have been duplicated in  

non-enzymatic 'model' systems (3-13)» in  which pyridoxal^(usually 

non-phosphorylated) or o ther appropriate aldehyde (4 ,8 ,1?) and a 

su itab le  metal s a l t  (6) serve as c a ta ly s t.

Snell (4) has suggested that the cata lytic  p o ten tia lities  of 

pyridoxal phosphate containing enzymes are those of their prosthetic 

groups*, and that enzymatic and non-enzymatic reactions proceed by 

closely  similar mechanisms.

Transamination i s  defined as the interchange of the functional 

groups =00 of an u-amino and an a-keto acid, as in  equation ( i ) .

R - C H - N H g  ^  . R ' - C O  ^  R - Ç O  +  R '- C H - N H ^  '

CO^H ' CO^H ' CO^H COgH

B iological transam ination has been shown to  require the presence 

of pyridoxal (14) or pyridoxal phosphate (15,16) which are knoim to

+ For abbreviations of these terms see Appendix I I  

^  The reactive  groups attached to  the enzyme, e .g . pyridoxal phosphate 

in  transaminases.



form S c h iff 's  bases vrith a v a rie ty  of amino acids. (18-22), I t  seemed 

probable, th e re fo re , th a t transam ination involved the s tep s :-

R—CH—
P OCH,

;=GH
.OH

-CH,

f°2
R—CH—H=CH

-H.0 P OCH_  2

( I I I )

R—C=0 m ^ C H ^

and by a sim ilar mechanism

CO
R' i= K —CH2  ■

P OCH;s..^::Ss_^H ' -Ĥ O P OCH .OH

-CH,

(IV)

( i i )

f z
R'—C=0 KĤ— CHg

P OCH

H

OH

CH,

Ri__CH— o=QH 
P OCH:

^ 5 '
■ H

.OH

•CH,
( i i i )

Addition of equations ( i i )  and ( i i i )  gives ( i ) ,  the position  of the
• ■ ' . •I'

equilibrium being decided by the thermodynamics of the individual
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steps. (The i s  not shorn in  the above equations but i s  believed

to be attached to  the phosphate group and the ring nitrogen (2) ).

Hon-en7,yr'.r’cic transam ination of pyridoxal by an a-amino acid 

was f i r s t  shovn. by Snell (23) in  1945» The reaction  was followed a t 

100*̂ C and the products estimated b io log ica lly  by observing th e ir  e ffec t on 

the ra te  of groirbh of ce rta in  b ac te ria . The re ta rda tion  produced when 

non-enzymatic transam ination was carried  out in  a chelating buffer 

(c i t r a te )  led  H etzler and Snell to  study the c a ta ly tic  e ffec t of added 

metal ions (6).  They.devised chemical methods fo r estim ating pyridoxal 

and pyridoxamine in  the presence of each o ther by adding an excess of 

ethanolamine to  the reaction  mixture. As the re su ltin g  pyridoxal- 

ethanolamine S c h iff 's  base has a point of maximum absorption (a t 24,000 

cm"^) where pyridoxamine does not absorb, the  estim ation of pyridoxal was 

re la tiv e ly  easy, Pyridoxamine, however, absorbs maximally only a t 

po in ts of non-zero absorption fo r  both pyridoxal and pyridoxal- 

ethanolamine. Consequently the  appearance of pyridoxal from reaction  

mixtures containing pyridoxamine and a-ke tog lu ta ric  acid was usually  

followed. Metzler and Snell found th a t the c a ta ly tic  properties of 

the various metals decreased in  the order C u (ll)> P e(ll)c :^ F e(lll)  

A l( lH )> l 'î i ( l l )> C o ( l l)>  o ther ions.

Sim ilar work carried  out by Longenecker and Snell (5) on the 

system pyridoxamine/a-keto g lu ta ra te  with A l( l l l )  c a ta ly s t showed th a t 

the ra te  of appearance of pyridoxal was d irec tly  proportional to  the 

concentration of metal ion a t low metal ion concentrations but 

independent a t high.
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iîatsuo (10) demonstrated the ready formation o f, and tautomerism 

between, the S c h iff 's  bases of pyridoxal phosphate-glutamate and 

pyridoxamine phosphate^-ketoglu tarate  in  alcoholic so lu tion , in  the 

absence .of metal ions and a t room temperatures. He recorded 

spectrophotom etrically the appearance of a peak from pyridoxamine 

phosphate-a-ketoglutarate which he id e n tif ie d  as being due to  pyridoxal 

phosphate. As S c h iff 's  base formation re su lts  in  the elim ination o f ' 

a molecule of water, lion-aqueous solvents such as alcohol should re su lt 

in  a displacer.:ent of the equilibrium to  favour higher concentrations 

of S c h iff 's  base. Matsuo suggested th a t th is  was the reason fo r  ^the 

high ra te  of tautomerism in  alcohol compared with water.

The tautomerism has, however, been shown to  be comparably rapid 

in  aqueous so lution a t  room temperatures in  the presence of métal ions, 

by Eichhorn and Dawes (26). They showed th a t the spectrum of a solution 

of metal ion/pyridoxsmine/pyruvate became indistingu ishab le  from th a t 

of metal ion/pyridoxal/alanine on standing. Banins è t a l .  (18) showed 

th a t tautomerism took place in  the same system in  the absence of metal 

ions but only very much more slowly.

F asella  e t a l .  (11,12) did not consider the spectrophotometric 

evidence of Eichhorn and Dawes su ffic ien t to  estab lish  the p a rtic ip a tio n  

of interm ediate chelates in  transam ination, but they provided 

confirmation of the fa c t  by repeating the  work of Metzler and Snell (6) 

and analysing samples from the reaction  mixtures by paper chromatography 

and electrophoresis . These techniques showed the .existence of two 

interm ediate chelates, C and C .  I t  was found th a t : -
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(a) For C and C* to  be formed, a l l  th re e ‘'reactants -vrere necessary 

(metal, pyridoxal and alanine o r metal, pyridoxamine and 

pyruvate).

(b) G and O' had no free  or =00 groups, but th a t on heating 

they s p l i t  up in to  pyruvate or alanine and the corresponding • 

pyridoxine.

(c) C was forrfied f i r s t  when s ta r tin g  from m etal/pyridoxal/alanine, 

and O' when s ta r tin g  from metal/pyridoxamine/pyruvate.

These observations show th a t transam ination in  the presence of 

metal ions involves the appearance of two in terconvertib le  chelate 

interm ediates. These are most probably the chelates of the respective 

S c h if f 's  bases of reactan ts and products of the transam ination reaction .

F asella  e t postulated (V) and (VI) as probable formulae fo r  

C and O '. The d ifference i s  in  the position  of the la b ile  proton.

GHj—CH— C=0

P OGH,

C H _ j J _ ^ = 0

P OGH

(V) (VI)

Similar work to that of Fasella has more recently been conducted 

by Cattaneo et a l .  (27) who investigated transamination between 

pyridoxal pho sphate-glutamate and pyridoxamine phosphate-a-ketoglutarate

— 10 —



a t 37*̂ C in  the presence of C u(ll) ions. They showed the existence of 

an interm ediate chelate by subjecting reaction  mixture to  paper 

chromatography. This they did by viexdng th e .developed chromatograms 

under u l t r a - v io le t 'l ig h t .

Longenecker and Snell (34) found th a t the model systems were 

s lig h tly  steroospec ific . (Another s im ila rity  x-rith the b io log ica l 

reactions which almost en tire ly  favour the L-forras of o p tica lly  active 

amino a c id s .)  Using o p tica lly  active alanine x-rith C u (ll) , pyridoxal 

and a-keto g lu t a ric  acid they found about ùfp re ten tion  of configuration 

in  the re su ltin g  glutaraate fo r  both D and L alanine a t lOO^C and 37°C. 

With DL-alanine no preference fo r  e ith e r configuration was found; 

Longenecker and Snell said th a t although (V III) may p a rtic ip a te  in  

transam ination, as i t  i s  not asyiometric there  must be some other, 

o p tic a lly  active, interm ediate formed. The m echanic would require 

a t  le a s t  a small proportion of (IX) xdiich then transam inates to  give 

o p tica lly  active  (X).

X  f 2

H

0

' ' 0 CHgOa

(V III) (IX)
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S - 0 ^  .J'à----

CHgOH

(X)

Several mechanisms have been put forvxard to  explain the ca ta ly s is  

of metal ions and pyridoxines in  these reactions. The most important . 

are those of Metzler e t a l ,  (4)* Baddiley (24), F asella  e t a l ,  (12) 

and Braunstein e t a l ,  (29), The mechanism proposed by M etzler, Ikawa■b
and Snell (4) i s  shovm diagrammatically below.

? .
R—C—CO,

3

CHO
HOGH, L‘0

■CH,

R—C- 0 = 0

CH,
HOCK,

CH.
H 12

KOCH

R^C f-C=^0

KOCH,

(XII)

R—
H" .

C=0 
I

Kv ,0
®CH ■

■CH,



Resonance s ta b il is e s  the S c h iff 's  base interm ediates(X I) and (XII) 

and re su lts  in  two nucleophilic centres, d and e in  (XH), fo r  • 

subsequent proton a ttack . I f  protonation took place a t d, hydrolysis 

would give the i n i t i a l  reactan ts, ( i f  the amino acid were o p tica lly  

active  the raceinic product would be formed); whereas attack a t e would 

give a second S c h iff 's  base (X III).

Pullman e t a l (30) concluded from considerations of the e lectron  

d is tr ib u tio n  over (XII) th a t e would be the  marginally preferred  s i te  • 

of protonation and hence the equilibrium would be expected to  l i e  in  

favour of (X III), This i s  contrary to  what would be expected from the
t

resonance energy of (XI) and (XII) which Pullman calculated as about 

8 Kcals/Mole using the L.C.A.O, method of approximation, Pullman's 

findings q u a lita tiv e ly  confirm H e tz le r 's  theory of the reaction 

mechanism, but quan tita tive  comparisons are d if f ic u l t  as Pullman did 

not include the metal ion in  h is  L.C.A.O, calcu la tions,

M etzler's mechanism can be very simply adapted to  explain other 

pyridoxal catalysed reactions some of which are summarised e a r l ie r  

(p 5)* Thus la b ü is a t io n  of the bonds b and c in  (XII) re su lts  in  

decarboxylation and a-j3 s p li t t in g  respectively . The ro le  of the metal 

ion i s  assumed to  be four-fo ld :

I t  causes

(a) prelim inary proton displacement f a c i l i ta t in g  S c h iff 's  base 

formation;

(b) s ta b ilis a tio n  of the iraine formed;
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(c) the provision of a planar conjugated system;

(d) an increase in  the inductive withdrawal of electrons from the 

a-carbon undergoing reaction , thereby la b il is in g  the groups 

attached to  i t .

The e ffec t of the metal ion in  s ta b ilis in g  (32) and destab ilis in g  

(31) the imine double bond of the S c h iff 's  bases has been discussed by 

Eiclihom e t a l .  fo r  salicylaldéhyde-glycine and b is( 2-thiophenal) - 

ethylenediamine respective ly . They suggest th a t i f  the imine double 

bond can undergo hydrolysis without decreasing the degree of chelation, 

the re su lt  w ill be a d estab ilisa tio n  of -the molecule; whereas i f  piy 

chelate rings have to  be broken during hydrolysis, the molecule w ill 

be s tab ilise d . Although th is  does not help to  p red ic t which of the 

two possib le S c h iff 's  base interm ediates ( I I I )  or (IV) would be favoured 

by chelation to  a metal, i t  does p red ic t th a t the presence of metal 

ions should increase the concentrations of S c h iff 's  bases in  equilibrium 

irzith th e ir  constituen ts .

The mechanisms fo r resonance s ta b ilis a tio n  and subsequent 

prototropy of the interm ediate S c h iff 's  bases put forvjard by Braunstein 

(29), agreeJifith those of M etzler, Braunstein, however, considers 

only the non-metal catalysed reaction  and does not consider the ë ffe c t 

of chelation ,

Baddiley (24) suggested th a t two d iffe ren t forms of S c h iff 's  base 

(a ketimine IV and an aldimine I I I )  co-ordinated to  the metal are 

necessary, transam ination taking place between the two : -
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CH.

CH.OH CH=N^ ' CHgOH

h .A JJ

R R« ^

CH%m GH— N i=GH GH.OHLHOpC^i H^i^GO.H 
R R»

•Such a mechanism adequately explains the interconversion of two S c h iff 's  

base8Jin  a s itu a tio n  which may a rise  b io log ica lly , but i t  does not 

explain transamination in  a system containing only one form of a 

S ch iff' s base, as would i n i t i a l  be the case in  usual model reaction  

mixtures. To overcome th is  d if f ic u lty  Baddiley suggested th a t 

su ffic ien t of the other form required i s  produced by ' spontaneous 

reaction ' of the s ta r tin g  m ateria ls to  give the complexes he describes, 

which then react as shown. This would require th a t R and R' were 

id e n tic a l. Examination of the mechanism shows th a t i f  th is  i s  so, 

no provision i s  made fo r increasing the concentration of the second 

S c h iff 's  base above th a t produced by 'spontaneous re a c tio n '.

I t  i s ,  however, conceivable th a t transamination occurs with
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increased f a c i l i ty  in  complexes containing more than one S c h iff 's  base 

molecule per metal ion. The fa c t th a t a 1:1 complex may be thermo

dynamically preferred does not prevent the reaction proceeding v ia  a 

m inority reactive  species. I f  th is  were so, i t  should be possible to 

find  some re la tionsh ip  between the ra te  of transamination and the 

s ta b i l i ty  of the î-îCSB)̂  species. Such a re la tionsh ip  cannot be found 

a t present because of the lack of information regarding the s ta b i l i t ie s  

of the complexes. Q ualitative considerations, such as s te r ic  fac to rs , 

can however give an indication  of the expected re la tiv e  ease of M(SB)2 

formation. Thus, • '

(a) Valine -  a f a i r ly  large molecule -  forms mainly a 1:1 

m etal:S ch iff ' s base complex (33»36) and has a very low ra te  

of transamination (6),

(b) Glyoxylic acid -  a small molecule -  (nothing i s  reported on 

the nature of i t s  complexes) transaminates comparatively 

easily  (34),

• (c) Pyridoxal, which tends to  form 1:2 metal S c h iff 's  base complexes

(12), transam inates fa s te r  than pyridoxal phosphate (6) which
/

prefers  a 1:1 complex.

There are, however, numerous exceptions to the above generalisation. 

Thus, transamination with glycine, the reverse of (b), i s  reported to 

be very slow (6 ,35). The indications are that many of the observed rates 

of transamination are greatly affected by favourable or unfavourable • 

S ch iff's  base formation equilibria.
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The three eq u ilib ria  of importance in  transamination are

K. K. K.
R-i'JH. +■ PyP ? SB' è  SB" R.CO + PamP (iv )

although the transamination equilibrium constant, K^, would be expected 

to  favour the more highly conjugated SB' and hence the L.H.S, of equation 

( iv ) , a su ffic ien tly  small value of or high value of [RHH2] could 

displace the equilibrium to  the r ig h t, i s  reported fo r  a variety  

of amino acids vdth pyridoxal (19) and i t s  phosphate (10). I t  i s  

usually such th a t appreciable q u an titie s  of SB' are formed only when . 

the  amino acid is  present in  considerable excess, i s  only reported ■ 

fo r the ŝ '̂ stem pyridoxamine-pyruvate ( I 8) but th is  re su lt, together 

:fith  observations from the present work (p 75)» ind ica tes  th a t  i s  

a t  le a s t  10-fold le s s  than Consequently, Metzler and Snell (6) 

found th a t conversion of pyridoxal and glutamate to  j^ridoxamine and 

cLwketoglutarate took place to  about 5Q̂ » and th a t pyridoxal phosphate and 

glutamate resu lted  in  almost complete conversion to  pyridoxamine 

phosphate. The d ifference, they explained, was due to  the low free  

aldehyde concentration in  solutions of pyridoxal, where the predominant 

species i s  an in te rn a l hem i-acetal. The 't r u e ' equilibrium they 

therefore  took as th a t of the phosphorylated system. This equilibrium 

i s  then directed away from the expected resonance s tab ilise d  aldimine 

S c h iff 's  base ( I I I ) ,

The reverse of the above s itu a tio n  occurs with glyoxalate and 

a-keto acids, where the equilibrium l ie s  almost en tire ly  on the side
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of pyridoxal and a-amino acid . The same preference fo r  the aldehyde and 

the aiiiino acid occurs in  the system metal ion/pyridoxal/alanine 

investigated  by Eichliorn and Dawes (26),

The Metal Sch iff's  Base Complexes

There is  much evidence to  suggest th a t the S c h iff 's  base complexes 

investigated  do not a l l  have the same number of ligands associated 

to  the metal. I f  the general formula i s  w ritten  as M(SB)^, n has been 

shown to  talco the values 1 and 2 depending upon,

(a) the metal, ’ ^

(b) the pyridoxine (whether or not pho sphorylated),

(c) the amino or keto acid, '

and (d) the r a t io , in  solution, of the concentrations of the metal

ion and the S c h iff 's  base constituen ts ,

Eichhorn and Dawes (26) have shovm by the method of continuous 

v a ria tio n  th a t the  spectra they describe are due to  a 1:2:2 complex o f - 

H i(ll):p y rid o x a l:a lan in e . Moreover, they suggest th a t each S c h iff 's  

base i s  bound as in  (XIV),

CH2OH ^
=\

CH— CH— M=CH-^ M 
:C. . .Hi /

(XIV)

They also found p rec ip ita te s  coming down in  th e ir  reaction  mixtures which
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they decided had the same ra tio  M :pyridoxal:alanine as the reactan ts  

in  the solutions (1:2:2 fo r Ki and l : l d l  fo r  Cu), This conclusion was 

based on the ta c t th a t the spectra of the solutions underwent only a 

lo ss  of ii'.tera i ty  over the whole range and did not change in  character, 

Christensen (e t a l ,  28) was able to  prepare so lid  complexes of the 

1:1:1 type ordLy fo r M-pyridoxal-glycine (M being C u(ll), H i( l l ) ,  I'în(ll), 

Z n (ll) and Mg(ll) ), and complexes containing 2 pyridoxal molecules, 

only by using diaminobutyric acid. (See diagrams XV and XVI)

CH — ÇE-

HOCH

(XV)

HOCH

/CHpv /CO2H 
CH^ CH .

CH—  CH

o / N

(XVI)

CH^OH

In  a la te r  paper (25) Christensen .describes the preparation of 

numerous metal chelates of pyridoxylideneamino acids in  c ry s ta llin e  

form, usually vjith the composition M(SB)2 , (XVII), but in  the case o f 

copper, as Cu(SB), (XVIH), •

CH,
RCH---CO 0

I I
HOCHo ,CH=hV ,0

or ^IjS=CH CK^OH 
0 CO—  - CHR

(XVII)

:=oRCH'

,cu;
"OH,HOCH,

(XVIII)
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I t  was assumed th a t protons could associate  free ly  with the 

chelate to give e lec tro n eu tra lity . T itra tio n ]0 f the protons in  the 

complexes showed the pK a ttrib u ted  to the ring  nitrogen varied from 

metal to  metnl. I t s  magnitude was tal'cen as a measure of the degree 

of co-ordina’.ion of the phenolic oxygen to  the metal, by comparison 

with the p K l ' o f  the ring nitrogen in  free  pyridoxal and in  the 

hydrogen bonded S c h iff 's  base (XIX), (See p 139)

RGĤ -COg

HOCH,

H

In  the case of the c a ta ly tic a lly  more active  Gu(ll) and F e ( l l l )

(see H etzler and Snell (6) ) chela tes, the pK of the ring  nitrogen 

i s  lowered by more than 3 pH u n its  from th a t of the. S c h iff 's  base (X12),

I f  the above c r ite r io n  of phenolic bonding i s  co rrect, diagram (XVll) 

cannot describe the complexes of F e ( l l l )  as a greater degree of bonding 

to  the phenolic oxygen would be necessary to  su ffic ien tly  lower the 

pK of the ring nitrogen. Christensen proposed the formula (XX) to  

overcome th is  d if f ic u lty . (Only one nitrogen i s  protonated fo r n e u tra lity ) 

Although C hristensen 's work would ind icate  th a t 1:2 complexes are 

more stab le  than 1:1 types in  the  solid  phase, Davies e t a l .  (36) have 

shoxm th a t the predominant species in  a solution containing metal ions, 

pyridoxal and amino acid i s  a 1:1 complex of K:SB (M being C u (ll) , K i( ll)

— 20



CH^OHs—n?
RHG— IL . 0 CH^

op 3
'^ 0 ? .. . . .  F e ........... *̂̂ pn

^s.CH. .0^ — CHR
y±i'W “  B )CĤ OH

l-In(ll), H g(ll) and Z n (ll); and.the amino acids including valine, glycine, 

alanine, threonine, isoleucine and glutamic ac id ). This is. a d irec t 

contradiction of the re su lts  obtained by Eichhorn and Dawes (26), and, 

i f  co rrect, would cast doubt on the v a lid ity  of C hristensen 's t i t r a t io n s  

of the 1:2 chelates carried  out in  aqueous solution.

F asella  e t a l .  (12) used a method of continuous v a ria tio n  to  find  

;the ra tio ..o f M:S3 fo r A l( l l l ) ,  alanine and phosphorylated as well as 

non-phosphorylated pyridoxal. They found th a t the non-phosphorylated 

S c h iff 's  bases formed a 1:2 complex whereas the phosphorylated 

derivatives formed a 1:1 complex. This ind ica tes  th a t the phosphate 

group e ith e r co-ordinates i t s e l f ,  or th a t i t  s te r ic a lly  prevents a 

second S c h iff 's  base from being added to  the metal.

In  conclusion, metal ion catalysed transam ination involves two 

in te rconvertib le  chelates, an aldimine and a ketimine. I t  i s  not kno-tm 

why metals such as C u(ll) and F e ( l l l )  have such a high c a ta ly tic  a b il i ty  

compared with K i( l l) ,  C o(ll) and many other ions. I t  cannot be th a t 

C u(ll) and F e ( l l l )  form higher concentrations of chelates in  a given 

reaction  mixture (although th is  may be la rge ly  responsible where the
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the equilibriuia constant of S c h if f  s base fo raation  i s  very low, as 

in  the case of pyridoxamine phosphate and a -ketog lu taric  acid « see 

p 179i—as i t  i s  possible to  produce almost complete conversion to  

chelate with most metals by increasing the concentration of amino acid. 

The only phencnenon which seems to  p a ra lle l  the c a ta ly tic  properties 

of C u(ll) and f e ( l l l )  i s  the a b il i ty  of these metals to  form very 

stab le  comple};es id.th pyridoxamine, pyridoxamine phosphate, pyridoxal 

phosphate and S ch iff’s bases (33,36,37 and th is  th e s is ) .  Together with 

Christensen’s t i t r a t io n  re s u lts '.(23) th is  ind ica tes a d iffe ren t kind of 

bonding in  the C u(ll) and F e ( l l l )  chela tes.

In  the present work i t  i s  proposed to  investigate  fu rther the . 

re a c tiv ity  and s ta b i l i ty  of the complexes of pyridoxal phosphate- 

glutamate and pyridoxamine phosphate-a-ketoglutarate vn.th special ' 

emphasis on the C u(ll) system.
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Reaction Bet- - eon P},Tido%al Phosphate and Sodiiim Glutamate 

in  • '̂le Presence of D ivalent K etal Ions

I t  was found th a t the addition of pyridoxal phosphate so lution to 

a buffered solution containing sodium glutamate and K (ll) ions in  

su itab le  concentrations (see experimental), caused two consecutive 

spec tra l changes to  talce place. (Fig l a  shows the spectra fo r C u (ll) , lb  

fo r I']i(ll) and Ic fo r  C o(ll) a t  pH 3.96 and 5.04). The f i r s t  change was 

from,the spectrum of pyridoxal phosphate alone (spectrum in  Figs l a ,  lb  

and Ic ; the spectrum includes a very intense absorption band from K (ll) -  

Glutamate charge tran sfe r outside the region of in te re s t ) ,  to  th a t of a 

d iffe ren t species 2, and took place in  about 30 minutes; the second 

change was from spectrum 2 to  spectrum 3, and took place over a period

Fig la

a

30,000

Wavelength cm
24



C u(ll)Ketal

r - t

30,000
1Wavelength cm

Fig lb

Ketal

30,000

Wavelength cm*"̂
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Ketal H i(ll)  
pH 3.96

■ 25,00030,000
•-1Wavelength cm

C o(ll)Métal —« 
pH 3.96

30,000

Wavelength cm

The concentrations of these reaction  mixtures were 0 ,2  ml̂  in  

PyP, 8,0 EÎ-I in  Glu and O.4 ml-I in  metal ion.

— 26 —



of about 4 days.

Sharp isosheStic points a t A and B, and a , s lig h tly  le s s  sharp 

one a t C ind icate  th a t the reactions can be considered as taking place 

in  one step only (or involving only tran s ien t in term ediates). As the • 

second reaction  was very slow compared vn.th the f i r s t ,  each could be 

studied independently, - - -

Single wavelength studies were carried  out on the f i r s t  reaction
■̂1

a t the point of maximum change (25,500 cm" ) and the e ffec ts  on the 

i n i t i a l  reaction  ra te  were observed of changes of: '

(a) pH ’ . ^

(b) Sodium glutamate concentration

(c) Pyridoxal phosphate concentration 

and (d) The concentration of CuS0^.5H2p

The i n i t i a l  reaction  ra te  was measured by drawing tangents to  an 

op tica l density/tim e trace  on an external recorder, the signal from the 

spectrophotometer being magnified 20-fold, This caused an o p tica l 

density d ifference of 0.1 OD u n its  to  give a f u l l  scale deflection  of 

10 inches on the recorder. Thus, fo r ov era ll changes of about 1,0 OD 

u n its  the trace  was sensibly s tra ig h t and tangents could be drawn a t 

zero time with a rep ea tab ility  of ca, 3^, This method obviates 

complicated t r i a l  in teg ra ls  in to  which corresponding o p tica l density 

and time reading would have to  be substitu ted .

For g rea test accuracy in  the measurement of the gradients of these 

tangents the chart speed was adjusted to  give a trace  a t about 45^ to  

the d irec tio n  of motion of the paper.

As about 5 seconds usually elapsed between mixing the reactan ts
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and tran sfe rrin g  the c e ll  to the instrument, i n i t i a l  o p tica l den sities  

were measured ly  extrapolating the tangents back to  zero time.

F inal o p tica l d en sities  were talcen as the values when no fu rth e r 

increase took place with time.

Experiment,al

The reaction  was followed using a Unicam SP 800 recording 

spectrophotometer f i t t e d  vrith a scale expansion un it connected to  an 

external Kent recorder. The instrument has a hollow c e ll  housing 

through v lich  water a t 25.0°C was c ircu la ted  from an external 

therm ostat. The temperature of the c e l l  housing was checked against 

standard thermometers and was found to  be the same as th a t of the 

water in  the thermostat to  w ithin -  0.1°C.

The 1 cm quartz c e lls  to  be used were matched by f i l l in g  them 

with d is t i l le d  water and placing them in  the appropriate beams of the 

instrum ent. Any differences between them were ' tuned out' by 

readjusting  the ex ternal recorder to  zero viith the 'back-off* control, 

the reading of vjhich was then marked on each c e l l .

2.0 ml of ace ta te  buffer*^, ionic strength 0.5, was p ipetted  in to  

each of two c e lls . 1.0 ml of water was then added to  the reference 

c e l l  which was shaken and tran sfe rred  to  the instrument. Into the 

o ther c e l l  was p ipetted  the required volumes of two of the three 

reactan t solutions (usually the copper sulphate and the  sodium glutamate 

solutions) and su ffic ien t water to  make the to ta l  volume, including

*See Appendix I I I  fo r buffer sp ec ifica tions.
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the th ird  reactan t, up to  3.0 ml. The c e ll  was then placed in  the 

instrum ent,fo r 10 minutes to  thermally e q u ilib ria te  when the th ird  

reactan t was p ipetted  in  and the mi>:ture shaken to  s ta r t  the reaction . 

The recorder was s ta rted  simultaneously.

Results

(a) Dependence of the reaction  ra te  on pH

The changes of the follox-nng were studied fo r  the pH range 2 to  6:

( i )  Tlie i n i t i a l  gradient of the reaction  (Fig 2) 

and ( i i )  The i n i t i a l  and f in a l  o p tica l d en sities  of the reaction

mixture (Figs 3 and 4)

The concentrations of the reactan ts  were kept constant a t 0 .2  ml'I in  

pyridoxal phosphate, 0.4 mli in  copper sulphate and 8.0 ml-I in  glutamate.

The i n i t i a l  reaction  ra te s  (also shoim in  Fig 2) were obtained 

by dividing the i n i t i a l  gradients of the  reaction  by the d ifferences 

in ,th e  molar absorbancies of the products and reactan ts , obtained from 

Figs 3 and 4.

The i n i t i a l  ra te s  were not recorded above pH 6 as the molar 

absorbancies of the reactan ts  and the products became too close fo r 

the i n i t i a l  gradients to  be measured accurately.

The i n i t i a l  molar absorbance of the reaction  mixture i s  compared 

with th a t of pyridoxal phosphate alone in  Fig 3» The s im ila rity  

suggests th a t pyridoxal phosphate does not undergo any reaction  

before th a t being followed.
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Fig 2

I n i t i a l  G radient (D
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I n i t i a l  Molar Absorbance of Reactants O

Extinction C oefficient of PyP

o
o

2.0

4.03,0



•H

«M

8.06.00 4.0

Fig 4 shows the f in a l  opÿical density  of the reaction  mixture 

over a wider range of pH. I f  th is  represents the absorbance of the 

completely, or almost completely formed Cu-Schiff’s base complex 

(the re su lts  of p 129 and Fig 60 ind icate  th a t th is  i s  so), then the 

spectra l change associated with the change of pH can be a ttr ib u te d  to  

the ion isa tion  of a proton. The points in  Fig 4 are experimental 

and the lin e  i s  th eo re tic a l fo r  such an ion isa tion  of pK=6.4. The 

f a l l - o f f  of points below pH 4 i s  probably due to  incomplete complex 

formation. According to  Davies e t a l .  ( 36) and Christensen (25), the 

d issocia tion  can be a ttr ib u ted  to  the ring nitrogen of the S c h iff 's  

base in  the complex.
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(b) Dependoncr. of reaction  ra te  on the concentration of glutamate

The i n i t i ' l  gradient of the reaction  was measured in  a se ries  

of runs in  ^zhich the concentration of sodium glutamate was varied .

The concentrations of the other reactan ts were kept constant (0.2 mi’l 

in  pyridoxal phosphate, 0.4 ml-I in  copper sulphate). ' The k in e tic  runs 

were carried  out a t pH 3*55 and 3. 96.

As high concentrations of glutamate tended to  a l te r  the pH of 

the buffered solution by a small amount, the pH of each run was 

measured and the gradient corrected em pirically where necessary using 

the  previously obtained graph of ( i n i t i a l  gradient)/pH. Fig 4 shows 

the resu ltin g  graph of L o g (In itia l gradient)/Log[Glu].

(a) pH 3.55, Slope = 0.99

(b) pH 3. 96, Slope = 1.00

-p

2 .0tiO

Log[Glu]3.5
2.03.04.5

"" 3^ "



(c) Dependence of reaction  ra te  on the concentration of pyridoxal

■phosphate.

Because the absorption of the pyridoxal phosphate i t s e l f  i s  very 

in tense, i t s  concentration could be varied only between f a i r ly  narrow 

l im its . The runs were carried  out a t  pH 3*99 and a t  C u(ll) concentrations 

of 0,2 mli and 1.0 ml(. The concentration of sodium glutamate was 8,0 ml-I 

in ' each case.

Graphs of Log ( I n i t ia l  gradient ) /Lo g[ PyP] are shovni in  Fig 6,

Slope = 1,00

to

■2,4

4.0
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(d) The e ffec t of v a ria tio n  of the C u(ll) concentration

Tlie runo i-:ere carried  out a t  pH 3» 99 and a t concentrations of 

0,2 raî-1 in  pyridoxal phosphate and 8,0 mil in  glutamate. ’ ■

The i n i t i a l  o p tica l density of the reaction  mixture and the 

i n i t i a l  gradient were found to  be unaffected by the concentration of 

the G u(ll) ions when th is  was le s s  than ca, 1,6 mil. The f in a l  o p tica l 

density was found to  be almost d irec tly  proportional to  the concentration 

of C u(ll) a t  concentrations below th a t of pyridoxal phosphate, and 

alraost independent a t  concentrations above (Fig ? ) , The departures

1.3

C u(ll) Concentration xlO-%
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from id ea l behaviour were u t i l is e d  in  attempts to  fin d  the s ta b i l i ty  

of the compleù:es formed. (See p 123).

In  the absence of C u(ll) ions there  was only a very s lig h t 

(ca, 0,01 OD u n its )  increase in  op tica l density . Tliis was caused by 

the formation of a small amount of Sch iff’ s base, the molar absorbance 

of which i s  only a l i t t l e  greater than th a t of pyridoxal phosphate 

a t  25,300 cm~ .̂

For C u(ll) concentrations above 1.6 ml-i and up to  I 6 mM, the 

h ighest concentration studied, a very d iffe ren t behaviour was observed. 

As the  concentration of copper was increased the i n i t i a l  gradient 

decreased and the i n i t i a l  o p tica l density f e l l  below th a t due to 

pyridoxal phosphate alone (Fig 8 ), Because of the rap id ity  of the

O ptical Density
.0.72

I n i t i a l  Gradient

t
I

Ï.0.68

.0.66

.0.62
Gu(ll) Concentration mil
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i n i t i a l  f a l l  in  o p tica l density preceding the normal r i s e ,  only the 

l a t t e r  stages were observable. The i n i t i a l  gradient of the subsequent 

r is e  in  olptical density was recorded as usual. The apparent i n i t i a l  

o p tic a l density was determined as before, by producing the tangents 

back to zero time.

The data fo r  Fig 8 are reproduced in  Table 1

Table 1

[Cu].10^ I n i t i a l  O.D. dD/dt .10^

• Of Reaction D min"^

1.6 . 0.721 ‘ 0.006 3.62

4.0 0.687 0.040 3.27

8.0 0.651 0.076 2.98

12.0 0.635 0.092 2.79 .

16.0 0.629 0.098 2.59

Optical density of 0.2 mI4 PyP alone D̂ = 0.727

Concentration of glutamate = 8,0 mi'l

The figu res in  column 4 have been adjusted to  pH 3-9^ (the pH of the 

buffer) as high concentrations of C u(ll) made the reaction  mixture 

more acid.

Defining the  degree of re ta rd a tio n  as

A = (dD/dt)^^ [Cu]=1.6 oM " [Cu]>1.6 mM

and the  degree-of lowering of the i n i t i a l  op tica l density as

B = (D -  Do)^^ [Cu]=1.6 mM -  " ^o^at [Cu]>l,6 mM

gives Table 2, The ra tio  A/B has a mean value of 0.101 t  0.00? min*'^.
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Table 2

D - D 0 3
OD u n its

dD/dt
min”^

A.IO
min"^

A/B
min*"̂

0 .0Ô6 3.62

0.040 0.034 3.27 0.033 0.103

0.076 0.070 3.98 0.064 0.091

0.092 0.086 2.78 0.033 0.097

0.098 0.092 2.59 0.103 0.112

The e ffe c t of a lte rin g  the concentration of sodium glutamate on 

th is  lowering of the i n i t i a l  op tica l density was studied a t high C u(ll) 

concentrations. A graph of (D *- Dq)/[G1u] i s  shox-m in  Fig 9. This

C u(ll) concentration = 8 ,0  iM

3.96

I
I

Ia
.0.68

0.64
H

6.04.02.0
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shoxfs th a t (D -  D^) i s  proportional to  [Glu] a t low concentrations, but 

' t a i l s  o f f  a t high.

Discussion

Considering f i r s t  of a l l  the re su lts  obtained a t low concentrations 

of copper, the independence of the reaction  ra te  on copper concentration 

and the re su lts  from sections (b) and (c) ind icate  th a t the ra te  

determining step of the reaction  i s  the combination of pyridoxal phosphate 

and sodium glutamate. Figs 5 snd 6 show th a t th is  i s  f i r s t  order in  

both reac tan ts . This step can only be the formation of S c h iff 's  base.

The second, rapid step xfould then be the chelation of the S c h iff 's  base 

to  the copper ion. Because o f ' the dependence of the f in a l  o p tica l 

density on the copper concentration only fo r  values of [Cu] le s s  than 

[PyP] (Fig 8 ), i t  would appear th a t the complex formed has a C u:Schiff's 

base ra tio  of 1 :1 .

At h i ^  concentrations of copper, the evidence of Tables 1 and 2 

and Fig 9 ind ica tes th a t  some other complex, G, of the three reactan ts  

can e x is t . Fig 9 shox-rs th a t glutamate must be present, so 0 cannot 

simply be a complex.of C u(ll) and pyridoxal phosphate, .

The removal of free  pyridoxal phosphate in  forming C, as measured 

by the drop in  i n i t i a l  o p tica l density, accounts fo r the concomitant 

decrease in  reaction  ra te  (the e ffe c t of removing an equal amount.of 

glutamate would not be noticed as i t  i s  present in  a la rge  excess) i f  

i t  i s  assumed th a t C cannot be converted d irec tly  to  the C u-Schiff's base 

complex without p rio r d issociation  to  i t s  constituen ts.

Nunez and Eichhom (8 ), in  order to  explain sim ilar phenomena in
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the  system n ick a l(ll)/sa llcy la ldehyde/g lyc ine , suggested th a t a 

carbinolamine complex ( i )  ex isted . They, however, assumed th a t compleic 

( i )  could decompose to  give ( i i )  d irec tly , where ( i i )  i s  the equivalent 

m eta l-S ch iff s base complex,

OH
^  %-CH—IE—CĤ  /  %_CH=N-CH2
t = = r  — > w ;  I  >

^ 0 —Hi— 0 • ^ 0 —Hi— 0
t  t

Ĥ O . ' HgO

( i )  ( i i )
,1

I t  i s  in  fa c t  most probable th a t carbinolamines of the type ( i i i )  

are formed as interm ediates during S c h iff 's  base formation (19,22,38,39). 

Ile tz le r (22) estimated th a t about 11^ of the S c h iff 's  base formed from 

glycine and pyridoxal ex ists  as carbinolamine. Chelation of the 

carbinolamine to  the copper ion would then give a complex (iv ) sim ilar 

to  th a t proposed by Nunez and Eichhorn (8) above.

OH J OCĤ  OH (CH^)^ COgH
i f  y — CH—m —CH2—CO2 m —qn

CO
CHj 0 -C u —0

( i i i )  (iv )

VJhen C u(ll) i s  present in  small q u an titie s  i t  would p re fe ren tia lly  

co-ordinate to  the glutamate and not be availab le  to  form complexes of 

the type (iv ) unless these had a comparable s ta b i l i ty  to  the m etal- 

S c h iff 's  base complexes. VJhen C u(ll) i s  present in  an excess, complexes
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of the type (iv ) would be ezcpected to  form more read ily . This would 

explain why the I n i t ia l  op tica l density of the reaction  mlorture was 

lower than e::pe. bed only when C u(ll) was present in  high concentrations.

However, i f  the ra te  lim iting  step were the reaction  of pyridoxal 

phosphate with glutamate, no explanation of the very rapid appearance 

of the carbinolerxine could be found. Such a concentration build-up of 

carbinolamine irould only be possible i f  the ra te  lim iting  step xfere 

the dehydration of the carbinolamine to give the S c h iff 's  base. This 

would seem contrary to  the evidence of sections (b) and (c ).

That both ra te  lim iting  attack of amine on aldehyde, and 

dehydration of carbinolamine are possible has been shox-m by Cordes 

and Jencks (39) -̂ nd French and Bruice (38) who suggest th a t the former 

takes place a t  loxf pH and the l a t t e r  a t  neu tra l and high pH. I t  x-zould 

seem th a t  the conditions of the present study favour dehydration of the 

carbinolamine as the ra te  determining step . The observed order of the 

reaction  xd.th respect to  pyridoxal phosphate and glutamate (Sections 

b and o) can then be explained in  the folloxzing manner. I f . pyridoxal 

phosphate and glutamate are involved in  a very rap id ly  atta ined  

equilibrium with the carbinolamine, xdiich then undergoes ra te  determining 

dehydration, the reaction  would appear to  be f i r s t  order in  both 

reac tan ts  i f  the equilibrium constant of carbinolamine formation K 

were very low ( i . e .  i f  the carbinolamine concentration were proportional 

to  the  concentrations of pyridoxal phosphate and glutamate). For the 

observed rate/pH graph (Fig 2) to  be tru e , a more rapid in c rease ’in  K 

with pH than decrease in  acid catalysed carbinolamine dehydration
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would be required . Secondly, the phenomenon should be more noticeable 

a t  higher pH values as g reater concentrations of complex (iv ) would 

be produced. Tie reactions were carried out a t  pH 5 and th is  l a s t  

requirement was found to  be sa tis f ie d .

The proposed mechanism i s  shown diagrammatically below.

PyP + Glu

(CH.,).-cor ■ / (CHPg—COg
CH—m —CH

CH. OH ! CH. C u-0
3 ““ A (V )  ' 1

« 2 °

P OCH

> = /  • "'CO-
CĤ  OH

(v ii)

P OCH

O-^Cu—0

(v i i i )

The carbinolamine (v) i s  assumed to  be rapidly  formed but present 

only in  a low stationary  concentration before ra te  determining 

dehydration to  give the S c h iff 's  base ( v i i ) .  The carbinolamine 

complex (v i) ac ts  as a ' re servo ir ' when an excess of copper ions 

are present and removes the reactive  carbinolamine (v) to cause a 

decrease in  the observed ra te  of S c h iff 's  base formation. The 

chelation  of the S c h iff 's  base (v ii)  to  the copper i s  rapid and almost 

q u an tita tiv e , and prevents s ig n ifican t reversa l of the dehydration 

step  (v to  v i i ) .
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' Transamination of the Complexes Formed"from Pyridoxal 

Phosphate and Sodium Glutamate

The spectra of the complexes formed from pyridoxal phosphate 

and sodium glutamate (of the type v i i i  -  p 37) were found to  change 

slowly over a period of a few days to  spectra 3 (Figs la ,  b and c'pp 24 

to  26), These spectra were id en tified  as being due to  a mixture of 

CuSB' and pyridoxamine phosphate fo r  the C u(ll) system. The id e n tif ic a tio n  

was carried  out by preparing reaction  mixtures sim ilar to  those
V /

described e a r lie r  (p 28) with pyridoxamine phosphate, a -ketog lu taric  

acid and copper sulphate as reac tan ts . These reaction  mixtures 

transam inate comparatively rap id ly  (without p rio r spec tra l change . 

associated with m etal-Schiff ' s base formation -  see p 60) to  give ■ 

the m etal-Schiff' s base complex derived from pyridoxal phosphate and 

glutamate (MSS', see diagram v i i i ,  p 41). Excess a-ketog lu taric  acid 

drives the reaction  to  completion. VJhen the peaks which appeared 

a t 25,500 cm" reached the h e i ^ t  of the corresponding pealcs of 

spectra 3 (Fig l ) ,  the complete spectra of the reaction  mixtures 

were recorded. These are compared with spectra 3 fo r  G u(ll) a t pH 

3.98 and 5.04 (Fig 10). Fig 10 shows th a t complexes of pyridoxal 

phosphate-glutamate S c h iff 's  bases reversib ly  transaminate to  

pyridoxamine phosphate and a-ke tog lu ta ra te .

The k in e tic s  of the reaction  were studied a t 25,500 cm" and

2 5 . 0 ° C .
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(a) Spectrum of PyP, Glu and C u(ll) a f te r  5 days

(b) Spectrum of PamP,aKG and C u(ll) a f te r  ca, 30 minutes

0)

I
s
g

iHa

35,000 30,000 25 000
Wavelength cm' 
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Experimental

Reaction mixtures sim ilar to  those already described (p 28) 

were made up and allowed to  reac t u n ti l  the f i r s t  step (m etal-Schiff' s 

base formation) was complete. The SP 800 spectrophotometer was then 

se t to  talce o p tica l density readings a t  f if te e n  minute in te rv a ls  fo r  

a period of about 12 hours.

The e ffec t on the ra te  of transam ination was studied of v a ria tion

of:

(a) the metal ion

(b) the concentration of metal ion

(c) the pH

(d) the concentration of sodium glutamate '

T heore tical'

For a f i r s t  order reaction  of the type

MSB’---------- > Products

the ra te  of disappearance of MSB*, wix/dt, i s  proportional to  i t s  

concentration, x ,

or dx/dt = -kx

In teg ra tion  between the boundary conditions % = a when t  = 0 and 

X = X when t  = t ,  gives

- 44 -



In  X = In  a -  k t where In  = log

The o p tica l density of the reaction  mixture, D', i s  given by

D = lEx where 1 i s  the path length (1 cm.)

E i s  the ex tinction  co effic ien t of the reactive  species.

Then In  D = In  ^ k t . ( i )

A graph of log D /  t  should give a s tra ig h t lin e  of gradient -0.4341^.

For a reversib le  reaction  the re la tionsh ip  i s  more complicated 

and no simple graph w ill define k alone, but w ill include a constant 

k* fo r the reverse reaction . As k* i s  also an unknown^evaluation of 

k i s  d i f f ic u l t .  In  the present case readings were confined to  the 

f i r s t  10^ of reaction  where the  reverse reaction  was assumed /to 

have a neg lig ib le  e ffe c t. I f  the reaction  products had absorbed a t 

25,500 cm”^ equation ( i )  would have had to  be a lte red  to

ln(D -  Dp) = ln(D^ -  D^) . « k t

where D is  the o p tica l density of the completely reacted mixture.
P

The value of was taken as zero as ne ither pyridoxamine phosphate 

nor cLwketoglutarate absorb a t 25,500 cm"^. The non-zero value of 

* infin ity*  readings, talcen up to 1 week la te r ,  was explained by by 

the presence of an equilibrium concentration of MSB* necessarily  

present through the reversib le  nature of the reaction .

. The s tra ig h t l in e s  produced when log D was p lo tted  against time 

ind ica te  th a t transam ination of the complexes MSB* i s  a f i r s t  order
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reactio n . The slope of these graphs gives the f i r s t  order ra te  

constant, k/2,3û3 min" .

Results

(a) Comparison of the f i r s t  order ra te  constants fo r the reaction  

in  the presence of d iffe ren t m etals.

The re s u lts  of f i r s t  p lo ts  of logD/Time are shown in  Fig 11 

fo r the metals G u(ll), K i( l l ) ,  Co(11) and Z n (ll) . The concentrations 

of the reactan ts  were 0.333 mî'î in  metal ion, 0.2 mî-I in  pyridoxal 

phosphate and 8.0 mM in  glutamate. The' pH was 5«04« >

(b) Cu(U) 

(d) C o(ll)

(a) K i(H ) 

0 .1 2  Z n(ll)

0.08

0.04

0.02

0.00

.1.98
Time hrs



The gradients of these graphs are shown -in Table 3- 

Table 3

Metal C u(ll) Z n(ll) h i ( l l )  • Co(11)

xlO^ min"  ̂ 32.9 ' 12.6 9.20 ' 13.6

In f in ity  OD. 0.408 0.330 0.634 0.292

(In fin ity  readings were taken a f te r  5-7 days)

The low value of k^ fo r N i(ll)  may be due, in  p a r t, to  some 

in terference  from the reverse reaction , the importance of which i s  ■ 

indicated by the high in f in ity  readings. \

(b) The e ffec t on the f i r s t  order ra te  constant of, v a ria tio n  of 

the concentration of metal ion.

Because of the obvious differences in  the behaviour of C u(ll) and 

the other metals, as shoim in  (a) above, these experiments were carried  out 

with both C u(ll) and N i(ll)  to  give a comparison between the two.

The concentrations of the other reactan ts were 0.2 mM in  pyridoxal 

phosphate and 8,0 mM in  glutamate. The pH was 5.04* , ■

The f i r s t  order p lo ts  fo r C u(ll) are shown in  . Fig 12 and fo r 

M i(ll) in  Fig 13. The re su lts  are summarised in  Table 4 and a graph 

of k^/[Cu^'*’] i s  shown in  Fig 14.

, The-maximum which appears in  the f in a l op tica l density (Table 4) 

a t [Cû "**] = 0.4 mM ( i .e .  a 1:2 ra tio  of PyP:Cu) may be a re fle c tio n  

of the ra te  maximum which occurs a t th is  ra tio  of concentrations in  

the reverse reaction  (see p ?0).
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' Graph of log OD /  Time fo r  C u(ll) •

pH 5» 04 • V ariation of Concentration of Metal Ion

© 0.0 ♦  8.04.0 V 1 2 .0

A 60.0

0.06

-p

0 .02

0 .0 0

Time hrs



The value fo r  of I . 3I  xlO"*  ̂ a t zero copper concentration

(Table 4) i s  not very r e a l is t ic  as i t  does not %,'ake in to  account th a t 

the f  reeS c liiff s base undergoing transamination i s  la rge ly  d issociated .

To correct fo r th is ,  the above ra te  constant must be m ultiplied by t h e . 

fa c to r (1 -r l/llo), where K is  the equilibrium constant fo r S c h iff 's  base 

formation a t pH 5.04 (talcen from Table 19, p 143) and b i s  the concentration 

of glutamate (which must be present in  a large excess fo r the above 

fa c to r to  be exact). This correction makes k^ = 2,37 xlO**̂  min^^.

This ind ica tes th a t transamination of pyridoxal phosphate and

Graph of Log OD /  Time fo r  K i(ll)

V ariation of Concentration of Metal Ion,J3,12

^ , 0 0  mM

. 0,10
.2,60 riM

.0,06

3,16 mM
0,04

Time hrs



F is 14

Graph of k^/Log[Cu ] a t pH 5.04

Log[Gu ]

Gu

Table A

[Gu] Final

xlO"̂ OD.

0.0 1.31 .0.135

2.0 . 4 . 6o 0.408

4.0 . 2.85 0.648

8.0 2.44 0.335

12.0 2.90 0.200

30.0 6.35 0.070

60.0 7.22 0.064

90,0 6,90 0.058

1 ---------- --------------

Ni

[N i] min"^ F in a l

M.IO^ xlO^ OD.

3.16 1.37 0.520

6.32 1.28 0.635

12.60 1.10 0.650

19.00 1.15 . 0.588



glutamate to  pyridoxamine phosphate and a-ketog lu tarate  proceeds 

fa s te r  in  the absence of metal ions. Column 3 of Table 4 ind icates 

th a t  tramsamination i s  also more complete when metal ions are 

absent (see In troduction).

(c) The e ffec t on the f i r s t  order ra te  constant of v a ria tio n  of pH

The concentrations of the reactan ts were 0.2 mîî in  pyridoxal phosphate,

16.0 mli in  glutamate and 0 .4 ml-I in  C u (ll) . The pH was varied between 

3 2nd 6. '

Plots of log D /  Time are shown in  Fig 15 and a graph of log k^/pH 

i s  shotm in  Fig 16.

(d) The e ffec t on k^ of v a ria tion  of the concentration of glutamate.

These experiments were again carried  out with both Gu(ll) and 

Hi(11) fo r  comparison. The concentrations of metal ion and pyridoxal 

phosphate were 0.333 and 0,2 mî-I respectively . The concentration 

of glutamate was varied between 1.6 and 22.4 The pH was 5.04*

F ir s t  order p lo ts  fo r the N i(ll)  and Gu(ll) systems are shoim 

in  Figs 1? and 18 respectively . The re su lts  are summarised in  Table 5.

The f in a l op tica l density of the reaction  mixture containing Gu(ll) 

can be seen to  increase with the concentration of glutamate. This 

may be caused by the formation of mixed complexes (see pp 136 and 145) 

of the type MSB’-Glu, which would s ta b ilis e  the reactan ts on the 

L.H.S, of the equation

HSB'GLU < *KSB* :-------- > Products
Qlu
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F 1 2 JJ•0.07

G u ( n )

(e) 3.63

( f )  4.82

(g) 5.84

Graph of Log D /  Time. Ketal 

Varying pH (a ) 4,11

(b) 4.65

( 0) 5.12 

(d) 3.80

Time hrs 
6
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Fig 16
4.3

Graph of log k, /  pH

4.1

■5.5

4.54.0

Fig 17

Graph of log D /  Tine. V ariation of [Gin] 
  ---  Metal -  K i( l l )

0,11

(a) 16.0 inI4
(b) 8.0 inM
(c ) 22.4 mM

0.10

0.09I
I 0.08

0.07



Fig 18 .

Graph of Log D /  Time fo r 'C u (ll)  

Variation of [Glu]

8.0 Æ
.07

22.4 ïnM

3.2 mM

1.6  mM
-p

.0.01

1.59
Time hrs

Table 5

Gu I î

[Glu] min"^ Final min*"̂ Final

M.IO^ xlO^ OD. xlo4 OD.

1.6 5.00 0.142 1.04 0.601

3.2 4.55 0.162 ■ 1.04 0.607

. 8.0 3.S# 0.408 0.92 0.634

l6 .0 2.37 • 0.776 0.96 0.682

22.4 2.78 0.667 0.90 0.679
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by removing the reactive MSB’ species. This would, also account fo r 

the decrease in  with increased concentration of glutamate.

On the basis  of th is  e}:planation, and by comparison of the s ta b i l i t ie s  

of the complexes of copper and nickel glutamates, i t  would be expected 

th a t the system containing Hi(11) should not exhibit such large changes 

in  f in a l  op tica l density and k^ as the system containing,Cu(11).

Examination of Table 5 shows th is  to  be so. I t  would also be expected 

th a t these changes should be le ss  marked the lower the pH, The reactions 

were carried  out a t  pH 3.96 and i t  was found th a t k^ was more constant 

througliout the experimental range although the f in a l op tica l density 

s t i l l  varied considerably.

The f i r s t  order constants fo r the system containing C u(ll) a t 

pH 3.96 are shoxm in  Table 6, Tlie concentrations of the other"' 

reac tan ts  were 0.333 in  C u(ll) and 0.2 mM in  PyP.

Table 6.

[Glu] k^ min**̂  F inal

H.lO^ xlO^ OD.

1.6 1.20 0.320

3.2  1.17  0.553  .

■ 16.0 1.15 0.747

22.4  1.18  0.654
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Discussion,

The ra te  determining step of transarnination can depend upon 

the raolecularity of the reaction . The mechanism fo r a unimolecular 

p ro to tropic sh if t  i s : -

H H+
-C —N=C([ ' ^ > C —N=CC

\C =M -C hC[ ^

I f  step one i s  the ra te  determining step, the reaction  ra te  

would be expected to be influenced only by the p o la rity  of the solvent, 

which XTOUld a ffec t the ease of the i n i t i a l  proton lo ss , and not by 

the pH of the solution.

Ingold (40) envisaged the .unimolecular mechanism as taking place 

by the s tep s ;-  '

_  H / ; -
— C— ^ c =N—Ç— ■

where B can be e ith e r the solvent or a stronger base. Sucha mechanism 

as th is  could account fo r  the observed pH dependence of the transamination 

reaction  (Fig, 16) by the introduction of a term [B] in  the ra te  ec^uation.

Ingold (41) also proposed a bimolecular base catalysed reaction  

as follows
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H-4 ^  ' H
— C~W=^— r  ■ —

I I I I

This mechanism requires tha t the terms [B*"] and [HB] appear in  the

ra té  equation, Bruice and Topping (7) found th a t these terms appeared in

the ra te  equation fo r the system pyridoxal/phenylglycine in  the absence 

of metal ions and using imidazole as base ca ta ly s t. I t  i s  unlikely 

th a t th is  type of bimolecular reaction contributes s ig n ifican tly  to  the 

k in e tic s  of the present system as the ra te  of transamination would be 

expected to be more dependent upon the concentration of the glutamate 

ion than x-ras the case (Figs 17 and 18), The independence of the ra te  of 

transamination on the concentration of glutamate also suggests th a t OH" 

(and possibly to a le sse r extent H2O) ac ts  as a base ca ta ly s t.

The slope of Fig 16 deviates from.the value of unity expected

from the above ‘unimolecular’ mechanism. This may be accounted fo r by 

the fa c t th a t the electronic s ta te  of the comple^ies can change through 

the d issociation  of ’non-tautomeric’ protons from other acidic groups 

present in  the complexes. Dissociation of these groups xvill re su lt  in 

several possible interm ediates (d iffe rin g  in  electronic

structu re  of R^, R2 e tc ,) ,  each of which Xfill have a d iffe ren t re a c tiv ity . 

As the concentration of each of these intermediates w ill be governed 

by more complex eq u ilib ria  (by including the d issociations w ithin the 

groups R^, R2 e t c , ) than those shown in  Ingold’s unimolecular mechanism, 

the dependence of the ra te  of reaction on [OH"] would not be expected 

to  be lin e a r .

The observed re tardation  of the transamination of the S ch iff’s
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base SE’ in  the presence of metal ions i s  contrary to  the re su lts  

obtained a t high temperatures (lOO^C) by Snell (6) and others (see 

In troduction). This could be th a t Snell, in  presenting h is  re su lts , 

did not talce in to  account th a t Sch iff’s bases are highly dissociated 

in  the absence of metal ions.

Even so, th is  may not be su ffic ien t to account for the differences 

in  ra te  fo r ’catalysed’ and uncatalysed reactions found by Snell,

An explanation can be found by considering Arrhenius' equation.

where Eq i s  the energy of activation  and A i s  a constant which can be 

re la ted  to the entropy o f''ac tiva tion , AS*̂  (42). Then, i f  the addition 

of metal ions to  a solution of the S c h iff 's  base SB' caused an increase 

in  both A3* and Eq, the change over from metal catalysed reaction a t 

high temperatures to metal retarded reaction  a t lower temperatures i s  

possib le. This can be i l lu s tra te d  by p lo ttin g  log against 1/T (Fig 19).

Q - x-Jithout metal

log

1/T

W  ^8 W



The slope of graph P fo r the metal 'ca ta lysed ' reaction  is  

and fo r the metal free  reaction E^, The in te rcep ts  on the ordinate 

are log A' and log A fo r metal catalysed and metal free  systems 

respectively .

■ The increase in  the energy of activation  of the reactant species 

in  the presence of metal ions is  understandable in  terms of the high 

thermodynamic s ta b i l i ty  of the complexes formed. , The in te rp re ta tio n  

of the increase in  the entropy of ac tivation  is  le ss  c lea r, however.

A possible explanation is  in  terms of the changes in  the number of

degrees of freedom in  going from the reactan ts to  the tra n s itio n  s ta te .

Even a q u a lita tiv e  analysis of the number of degrees of freedom i s  d if f ic u l t

in  the present case because of the complexity of the system.
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Reaction Bett-reen Pyrj-doxamine Phosphate and a^-Ketof^lutaric 

Acid in  the  Presence of C u(ll) Ions. '

On raiicing solutions of pyridosamine phosphate, a-ketog lu taric  

acid and copper sulphate, Ejpectrail changes ocurred sim ilar to  those 

discussed e a r lie r  (p 24). These are recorded in  Fig 20a and b .

G u(ll)Metal

a f te r  zero time

a f te r  ca. 2 hours

a f te r  ca, 24 hours

30.000■ 35,.000
Wavelength cm'

w 60



I

o

CO

3
Molar Absorbance E xlO

§I
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The spectrum changes from th a t of pyridoxamine phosphate alone

(1) to  a H-cies (2) ijhlch can be id en tified  with (2) in  F ig , l a  (p 24). 

This was fo r  the pH values from 3 to  6 as well as those recorded

here (3.S- -uid 5«04). With metals other than copper the extent of

the reaction  i s  in su ffic ien t fo r comparision of spectra (2 ) with 

those recorded e a r lie r  (p 25 ), but the ch a rac te ris tic s  of the spectra 

ind ica te  th a t the reactions with copper and with o ther metal ions are 

the same, (Fig. 21a and b ).

This i n i t i a l  reaction  i s  followed by a slower one to  give spectrum 

(3)* (Fig. 20 ). The species responsible fo r  spectrum (3) i s ,  as ye t, 

un iden tified . Possible in te rp re ta tio n s  are discussed la te r  (p 88 ),

Ho spectra comparable to  (3) appear in  reaction  mixtures containing 

m etal ions other than C u (ll) , (Fig, 21 ).

The reference c e ll  fo r the above spectra was made up to  contain 

the same concentration of a-ketog lu tarate  as in  the reaction  mixtures 

in  order to  compensate fo r  i t s  s lig h t absorption.

Apparently sharp iso bestic  points were observed a t A and B, and 

another le s s  sharp one a t C ( f ig , 20).

Experimental,

Single wavelength studies carried  out on the f i r s t  reaction  showed 

two main differences from the pyridoxal phosphate-glutamate reaction .

The f i r s t  was an ‘induction period’ during which spectrum (1) in  F ig, .1 

remained almost constant fo r  a period of a few minutes before changing to

(2 ). The second was an unusual dependence of the reaction  ra te  on
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Metal — C o(ll)

H

Wavelength cm

the  concentration of copper ions.

Because of the 'induction  period' the i n i t i a l  gradient of the 

reaction  could not be measured d irec tly  as before, so fo r  each run a 

se t of gradients dD/dt were p lo tted  against th e ir  corresponding 

o p tica l d en sities  D. The s tra ig h t l in e  portion of these graphs was 

extrapolated back to  zero o p tica l density *• the i n i t i a l  o p tica l 

density of the reaction  mixture -  and the  in te rcep t on the ordinate 

talcen as the i n i t i a l  gradient of the reaction .

The 'induction period' was found to  be present no m atter in  

which order the reactan ts were mixed, but i t  was possible to  arrange 

experimental conditions to  minimise i t s  e ffec t in  some of the 

experiments.



The e ffec ts  on the i n i t i a l  reaction  ra te  were studied of

v aria tio n s  o f:- '

(a) pH

(b) the concentration of a-ketoglu tarate  

and (c) the concentration of C u(ll) .

(a) The e ffec t of v a ria tio n  of the pH on the i n i t i a l  reaction  ra te .

The concentrations of the reactan ts were kept constant a t 

l6mlî. in  oKG, in  PamP and in  C u (ll) . ' ■ v

F i ^

Graph of dD/dt against D a t  d iffe ren t pH values •

4.73

.31

4.06

.82

3.61

0:60.40.2
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The pH was varied from 3.2 to  5*2 using acetate  buffer, and from 5»0 

to  12,5 using the reactan ts and sodium hydroxide as bu ffer.

Typical p lo ts  of dD/dt against D are shovm in  Fig 22, the in te rcep ts  

of which gave the i n i t i a l  reaction  gradients. These were p lo tted  against 

pH in  Fig 23. . \

A ra te  maxiqium was observed a t about pH 5» followed by a fu rth er 

increase above pH 10.5.

(b) The e ffec t of varia tion  of the concentration of cdCG on the in i t i a l  

reaction  ra te .

The concentrations of pyridoxamine phosphate and C u(ll) were 

maintained a t 0.3 rail and 0.6 ml̂ I respectively , and the concentration 

of oKG was varied between 2.0 and 20.8 mH a t pH 3*98, and between 3*2

Fig 24

Graph of Log ( I n i t ia l  Gradient )/Log[

(a) pH 3.96 Slope = 0.948

(b) pH 4.56 Slope = 0.930

Log[aKG]
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and 105.6 ral’i a t pH 4*56. (In  the former case the pH of the aKG solution

had not been adjusted to th a t of the buffer and so in  some reaction

mixtures the pH was found to  have changed. In  these cases the i n i t i a l

gradient was corrected to  pH, 3.96 using Fig 23).

A graph of Log ( I n i t ia l  gradient )/Log[oKG] vjas p lo tted  a t each pH

(Fig 24).

The slopes of these graphs were 0.95 a t  pH 3.96* and 0.93 a t  pH 4.56. 

The points aÿ higher concentrations can be seen to  f a l l  increasingly 

short of the s tra ig h t l in e  re la tionsh ip  fo r thdse a t low concentrations 

of oJCG. The significance of, th is  i s  discussed la te r .
(’

The f in a l o p tica l density of the reaction  mixture was very 

dependent on the concentration of a-ketoglu tarate  indicating  th a t an 

equilibrium i s  involved. A graph of f in a l  op tica l density/[aKG] i s  

shovjn in  Fig 25 fo r the runs a t  pH 3.96. The points are experimental 

and the curve i s  th eo re tic a l fo r an equation of the type : • , ■

Graph of F inal OD /  [aKG] 

pH 3.96

1.6

•H

1 .4

Concentration of oKG mli.



K
PamP + aKG ^  Products

i f  the value of K i s  talcen as 710 M , The influence of the metal 

ion i s  ignored.

(c) The e ffec t of varia tion  of the concentration of C u (ll) .

I t  was d if f ic u l t  a t f i r s t  to  find experimental concentrations 

fo r  pyridoxamine phosphate and a-ketoglu tarate  which gave a minimum 

of in terference  from the 'induction period' over a id.de range of 

C u(ll) concentrations. The e ffec t on the graphs of dD/dt against D 

of too high a concentration of pyridoxamine phosphate (3.0 mM.)

i s  shown in  F ig. 26, The concentration of a-ketoglu tarate  was 8,0 mM.
■

and the pH 4.45»

Graph of dD/dt against 
Varying [C u(ll)]

<NÎ

0.300 mM

0.225 mM

150 mM
•H

0.075 inM

Optical Density 
xlO



At higher concentrations of C u(ll) than 0.3 mM. the induction 

period became so important th a t no s tra ig h t portion of the graph 

dD/dt against D was observed.

However, sa tisfac to ry  re su lts  were obtained fo r the two se ts  of 

experimental conditions

( i )  0.3 rM. PamP and l6mH. aKG a t pH 4.22 

and ( i i )  0 .3  üiiî* PaznP and 8 mM. aKG a t  pH 4»42.

Graphs of L og(In itia l grddient)/Log[Gu(ll)] are shown in  F ig . 27, 

Maxima occur a t C u(ll) concentrations corresponding to  a ra tio  of 

PamP:Cu(ll) of 1 :2 . This was the ra tio  a t  which the. runs in  sections

(a) and (b) were carried  out.

Fig 27

L og(In itia l Gradient)/Log[Cu(11)]
.2.1

( i i )

.^.0,

-p
•X5

«H

bO

Log[Cu ]
4.6 3.0

m



I t  was assumed in i t ia l ly  th a t the isosbeétic  points a t  A and B 

in  Figs 20a and b were sharp. This was apparently tru e  "VJhen the flat*-bed 

recorder of the SP 800 spectrophotometer was used, especially  a t the 

low concentrations of pyridoxamine phosphate u’sed idien : the : speotra of 

Fig 20 were recorded. V/hen, however, isosbestic  point A was studied 

more closely  a t a single wavelength unsing the scale expansion u n it, i t  

was found th a t the  o p tica l density f i r s t  decreased by a small amount 

before f in a lly  becoming steady. The time taken fo r th is  in i t i a l  decrease 

corresponded closely to th a t of the induction period, indicating some 

re la tionsh ip  between the txra. The extent of the decrease depended on the 

concentration of C u(ll), The re la tionsh ip  i s  shovrà in  Fig 28.

Fig 280 .060

Graph of (Decrease in  i n i t i a l  OD a t A)/Log[Cu(ll)]

[PamP] = 0.6 mI4 ^ -----pH 3*96

[oKG]
w
§«

•Hga
•H
(0
£O0o

0.020

4.5
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There i s  an obvious s im ila rity  between Figs 27 and 28. In  both 

cases maxima occur a t  a natio of CuiPamP of 2:1.

I t  was found th a t the extent of the decrease was also dependent 

upon the concentration, o f a -k e to ^ u ta ra te . Attempts were made to  study 

the change in  absorbance a t point A during the ’induction period' as a 

function of oKG concentration. I t  was found, however, th a t changing the 

concentration of a-ketog lu tarate  moved the isosbestio  point s lig h tly  

so th a t there  was in terference from the transam ination step . The 

q u an tita tiv e  in te rp re ta tio n  of these re su lts  was therefore prevented.

The measurements a t isosbestic  point A were carried  out as described

below.

Experimental

The concentrations of pyridoxamine phosphate and a-ketoglu tarate  

were kept constant a t 0.6 mM and 6,0 mî4 respectively , and the 

concentration of C u(ll) was varied between 0.2 mM and 9.0 mM.

The iso sbestic  point was found approximately from Fig 20. A reaction 

mixture was then placed in  the c e l l  compartment and allowed to  reac t to 

a stage well past the induction period; i . e .  to  a stage where no fu rth e r 

change in  o p tica l density with time should occur a t  A. A change in  

e ith e r d irec tion  would ind ica te  th a t the instrument were not se t exactly 

on A. Furthermore, the d irec tion  of th is  change would ind icate  on irjhich 

side of A the instrument was s e t. . The wavelength was then f in a lly  

adjusted u n ti l  no change in  o p tica l density took place with time.
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R esults

The re s u l ts  are shoim in  Table ?• Also recorded are the  i n i t i a l  

o p tic a l d e n s itie s  o f the  reac tio n  m ixtures. These a re  compared xirith 

the ca lcu la ted  i n i t i a l  o p tic a l d e n s itie s  found from a s e t of readings on 

so lu tio n s  0 .6  mM pyridoxamine phosphate and various concentrations of 

C u (ll) . To these readings was added the  o p tic a l density  of an 8.0 rnl4 

so lu tion  of cLwketoglutaric ac id .

Table 7

pH = 3. 96, OD of 8.0 mM aKG = 0.134

[Cu] I n i t i a l F in a l D - D0 C alc. I n i t .

M.IO^ OD. D, OD. D OD. ]%

0.0 1.667 1.665 0.002 1.713 0.046

2.0 1.651 1.624 0.027 ■ 1.695 0.044

4.0 1.636 1.599 0.037 1.666 0.030

8.0 1.602 1.556 0.046 1.622 0.020

12.0 1.574 1.520 0.054 1.583 0.014

30.0 1.448 1.411 0.037 1.423 -0.020

60.0 '  1.325 1.301 0.024 1.277 -0.048

90.0 1.249 1.243 0.006 1.170 -0.079

A maximum occurs in  -  D a t  a Cu(ll):PamP ra t io  of 2:1 (Fig 28).

By comparison with Fig 27 i t  would seem th a t  th i s  r a t io  gave th e  maximum 

concentration  of the  reac tiv e  species. The concentration of th is  

re a c tiv e  species must be a function  of the  equilibrium  constant of i t s  

form ation and of th e  concentrations of th e  re a c ta n ts . Also, th is  , 

equilibrium  constant (and hence the  concentration of th e  reac tiv e  species)
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must be small to  account fo r  the  observed l in e a r  re la tio n sh ip  between 

the  reac tio n  ra te  and the  concentration o f a -k e to g lu ta ra te  (F ig 24).

The departure from l in e a r i ty  a t  h i ^ e r  concentrations of aKG supports 

th is  view.

The problem i s  to  fin d  out vdiich type of re a c tiv e  species would be 

expected to  give the  observed dependence of the  re a c tio n  ra te  on the 

concentration  of C u (ll) . I f ,  as has been suggested (see In tro d u c tio n ), 

the  re a c tiv e  species i s  the  m etal chela te  of th e  S c h iff’ s base derived 

from pyridoxamine phosphate and a» k eto g lu tara te , CuSB”, the following 

equations should describe the  o v e ra ll re ac tio n :

K,
PamP + oKG ^  SB” ( i )

K.
SB” + Cu ^ CuSB” ( i i )

K.
and CuSB” ^  CuSB» ( i i i )

I f  these  are  the only e q u il ib r ia  to  be considered, e ith e r  equation 

( i )  o r ( i i )  must account fo r  th e  observed behaviour a t  A preceding the 

reac tio n  shoi-m in  equation ( i i i ) .

The absence o f a i^  appreciable sp ec tra l change before th a t  due to  

transam ination (Fig 20) would in d ic a te  e ith e r  th a t  th e  species CuSB” were 

p resen t in  low concen trations, o r th a t  i t s  spectrum was s im ila r to  th a t  

of pyridoxamine phosphate.

I t  i s  u n lik e ly  th a t  the  attainm ent of equilibrium  in  equation ( i i )  

would be slow enough to  be observed. Consequently th e  changes observed a t  

A cannot be caused by the reac tio n  shovm in  equation ( i i ) .  The ra te  

de tem in ing  s tep  fo r  the changes observed a t  the  iso sb e s tic  po in t must 

th e re fo re  be th a t  ghom in  equation (i)*  This would be iqLipwed by the

-  74 -



rap id  and almost complete reac tio n  ( i i )  with which the  sp ec tra l change 

i s  probably assoc ia ted . I f  the  reac tiv e  species, CuSB” , were p resen t in  

only low concentrations, as was concluded above, th is  must be caused by 

an unfavourable equilibrium  constant in  equation ( i ) .

The equilibrium  constant fo r  S c h iff’ s base foim ation from 

pyridoxamine phosphate and a -k e to g lu ta ra te  i s  unlcnown. Attempts to  

evaluate i t  spectrophotom etrically  (as in  p I 4I )  were unsuccessful 

because of the  small changes in  o p tic a l d en sity . This in d ica te s  again 

e i th e r  th a t  i s  very low o r th a t  the  spec tra  of SB” and pyridoxamine 

phosphate are s im ila r. The equilibrium  constan ts fo r  S ch iff’ s base 

form ation from pyridoxamine and pyruvate, evaluated by Banins e t  a l ,  ( I 8 ), 

suggest th a t  th e  former suggestion i s  c o rre c t. The presence o f C u(ll) 

ions in  the  system would not favour as g rea t a s ta b i l is a t io n  of the  

S c h iff’s base from PamP and aKG as i t  did fo r  the  S c h iff’s base from PyP . 

and Glu because of the  high s ta b i l i ty  of complexes of C u(ll) and PamP, 

one of the  re a c ta n ts  (see p IO8) . I t  may be expected, th e re fo re , th a t  

some optimum concentration  of C u(ll) e x is ts  a t  which [CuSB”] has a 

maximum value.

Defining th e  equilibrium  constants K  ̂ and K£ from equations ( i )  and ( i i )  

as K̂_ = [SB"]/[p2"][G^"] ( i? )

and Kg = [CuSB"]/[Cu^^][SB"] (v)

o r, m ultip ly ing to ge ther ( iv )  and (v ) ,

K̂ Kg = [CuSB"]/[Cu^"^][p3-][G^*] , (v i)

Rearranging (v t)  gives,
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[CuSB"] = K^Kg[Cu^'^][G^"][p3"-] ( v i i i )

and d if fe re n tia tin g  w .r . t  the to ta l  Cu concentration , C^,

d[CuSB"]/dC^ = K^K2[G2-]|[p3“].d[Cu^'^]/dC^+ [Cu2‘"].d[p3-]/dC ^j (ix)

2—As aKG was in  considerable excess d e riv a tiv e s  of [G "] were taken as zero. 

For a maximum concentration o f CuSB", d[CuSB"^C^ = 0

o r [P^~].d[Cu^'*']/dC^ = -[Cu^'^].d[P^T/dC^ (x)

The successive s ta b i l i ty  constan ts o f C u(ll) and PamP are given by;

= [CuP"]/[Cu^'^][p3-] (x i)

and kg = [CuPg"]/[CuP"][P^"] (x l)

Summing the  concentrations of a l l  the  species,

G = [CuP"] + 2[CuP^’ ] + A[P^"] + [CuSB"] (x i i )

where A i s  the  r a t io  (T otal f re e  PamP)/Anionic PamP).

The concentration  of fre e  SB" i s  talcen as zero in  equation ( x i i ) .

C  ̂ = [CuP"] + [CuP^-] + [Cu^"^] + [CuSB"] . ( x i i i )

S u b stitu tin g  equations ( iv ) ,  (v ) , (v i) ,  ( v i i i )  and (x i)  in  (x i i )  and ( x i i i ) :

Cp = k^Cu.P + 2k^k^Cu.P^ + AP + K^^K^Cu.P.G .

= P(k^Cu + 21c^kgCu.P + A + K^K^Cu.G) . (x iv)

and ^  + k^k^Cu,?^ + Cu + k^k^cu.p.g
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= Cu(k^P + k^kgP + 1 + K^KgP.G) (xv)

where P 5 [p^"] e tc .  fo r  s im p lic ity .

D iffe re n tia tin g  (x iv ) and (xv) w .r . t .  gives:

0 = (k^Cu + Zk^kgCu.P^ + K^K^Cu.G + l).dP /dC ^

+ P([k^ + Zk̂ ^k̂ P + K^K^Gj.dCu/dC^ + Zk^k^Cu.dP/dC^) (xvi)

m1 = ■ (k^P + k^k^P + K^K^P.G + l).dCu/dC 

+ (k^ + Zk^k^P + K^K^G),Cu.dP/dC^

P utting  -P.dCu/dC^ fo r  Cu.dP/dC^ (equation x) in  ( x v i i ) :

dCu/dC^ = 1 /(1  « k^kgP^)

and, from (x)

dP/dC^ = - P / ( l  -  k^k^P ).Cu

S u b stitu tin g  (x v i i i )  and (x ix) in to  (xvi) g ives.

(x v ii)

(x v ii i)

(xix)

A/Gu + Zk^k^P = 0

This condition cannot be f u l f i l l e d  fo r  p o s itiv e  concentrations 

o f Cu and P. The physical in te rp re ta tio n  o f t l i is  i s  ü ia t  the  

concentration  of the  species CuSB" cannot have a maximum value a t  f in i t e  

re a c ta n t concentrations i f  th e  only e q u ilib r ia  involved are those 

shown in  equations ( i )  to  ( i i i ) .  This view i s  supported by th e  f ig u res  

in  column 6 of Table 7 which show the  d ifferences between th e  th e o re tic a l 

and experimental o p tic a l d e n s itie s  a t  A immediately upon mixing the 

re a c ta n ts . These re s u lts  would in d ica te  the  presence of another species, 

the  concentration  of which increased with th a t  of C u(ll) throughout the 

experim ental range.
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The mathematical treatm ent above in d ica te s  th a t  a t  le a s t  one o ther 

equilibrium  must e x is t in  the reac tio n  m ixtures fo r  i t  to  be possib le  

fo r  [CuSB"] to  have a maximum value. The tiijo most probable e q u ilib r ia  

are  (a) CuSB" + SB" # Cu(SB")g

and (b) CuSB?- + Cû *̂  Cu^SB"

Of th ese , suggestion (a) seems the  most probable in  view o f the  

number o f specie's o f th e  type #SB )g  in  the  l i t e r a tu r e  (see

In tro duction ) and the  absence of ary re p o rts  of species of the  type 

M^SB. Mathematical treatm ent of suggestion (a) shows th a t  th e  add ition  

of th i s  ex tra  equilibrium  does indeed cause the  term [CuSB"] to  go 

through a maximum value, but a t  an expected r a t io  Cu(ll):PamP of 1 :2  and 

no t 2:1 as requ ired .

Sim ilar treatm ent of suggestion (b) i s  ra th e r more complex unless 

severa l assumptions are made. These a re ,

( i )  th a t  a n eg lig ib le  amount of Cu-PamP co-ord ination  takes place

a t  th e  pH of the experiment (3 .9 6 ); 

and ( i i )  th a t  the  concentrations of CuSB" and Cu^SB" are  small compared

'.T with th e  to ta l  concentrations of C u(ll) and PamP.

The f i r s t  o f these  assumptions i s  ju s t i f ia b le  by inspection  of.

the  s ta b i l i ty  constant r e s u l ts  of p 121. These show th a t  a t  pH 3*96 

the average number of pyridoxamine phosphate ligands associated  to  each 

copper ion  i s  only ca. 0 .1 . Assumption ( i i )  i s  merely a restatem ent 

of what was said  e a r l ie r  (p 74).

Then, jin troducing K^:

where = [Cu^SB"]/Cu][CuSB"]
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th e  to t a l  concentrations of C u(ll) and PamP become

= C u .d  + K^K^P.G + 2E^KgK^Cu.P G) (xxj

o
and Cp = P.(A + K^K^Cu.G + K^K^K^Cu G) (xxi)

D iffe re n tia tin g  (xx) w . r . t .  g ives,

0 = (K^K^Cu.G + K^K^K^Cu^G + A).dP/dC^

+ (K^K^G + 2K^K^{^Cu.G).P.dCu/dC^ (x x ii)

S u b stitu tin g  equation (x) in to  equation (x x ii)  and sim plifying g ives,

A -  K^K^K^Cu.G = 0

o r Cu = A/K^K^K^G ' '! (x x ii i )

S u b stitu tin g  equation (x x i i i )  in to  (xx) and (x x i) , and d ividing 

equation (:cx) by (x x i):

C Cu + A.P/K. + 2CU.A.P
- s  = ------------------ A------------:------ (xxiv)
Cp A.P + A.P/K^ + Cu.A.P

The desired  ra t io  of C^/C^ i s  2, th e re fo re  th is  in  equation (xxiv) and 

sim plifying gives,

Cu = A .P.(2 + 1/K^)

I f  i s  su f f ic ie n tly  la rg e , th is  becomes

Cu = 2A.P (xxv)

Now A.P i s  th e  to t a l  concentration  o f f re e  PamP, th e re fo re  i f  the  concentration 

of f re e  copper ions (Cu in  the  above d eriva tion ) i s  comparable to  the 

to ta l  concentration  of copper, C^, (see assumption i i  above) then 

equation (xxv) becomes

= 2Cp
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This means th a t ,  i f  the  above assumptions hold , the concentration 

of the  species CuSB" has a maximum value a t  a r a t io  of C^/C^ = 2,

I t  a lso  means th a t  the. concentrations of the  proposed complexes are  

small compared w ith the concentrations of the  o th er re a c ta n ts , (This 

i s  presumably only tru e  a t  low pH v a lu es).

The proposed mechanism i s  shorn diagram m atically below.

PamP + oKGik Kp K.
SB" ^  (In RB"

'  1 1  "=3
CuSBi■

i s  assumed to  be very small and and are assumed to  be very 

la rg e . Then the  mechanism im plies th a t  the  steps

PamP + oKG — ".=r̂  SB" CuSB"

are  responsib le  fo r  the  decrease in  o p tic a l  density  observed a t  the  

iso sb e s tic  p o in t A,

However, these  e q u il ib r ia  alone do no t account fo r  a l l  the  

experim ental observations. Column 6 in  Table 7 ex h ib its  a steady 

change w ith increasing  C u(ll) concentration  which cannot be caused by 

the species Cu2SB" postu la ted  here as ihe  values of a re  those

fo r  th e  reac tio n  mixture immediately upon mixing, idiereas the  complexes 

CuSB" and Cu^SB" are  not formed u n t i l  a f te r  the  slow SB" form ation step .

This phenomenon i s  very s im ila r to  th a t  found in  the PyP/Glu system (p 37-42) 

where carbinolamine complexes were proposed. Such complexes could possib ly  

e x is t in  the  p resen t system without th e  need fo r  d ra s tic  a l te ra t io n
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of the  mechanism already put fonm rd . These carbinolamine complexes 

could not themselves be the  reac tiv e  species as column 6 (Table 7) 

ex h ib its  no maximum or minimura to  p a ra l le l  the  maximum which appears 

in  column 4»

The rev ised  mechanism i s  th e n :-

Pam? + aKG
f a s t  bu t 
^incomplete 

SB"OH ^ --------slow SB":
K2

fa s t CuSB"
f a s t  

CuSB"OH
K,

/! f a s t CUgSB"
slow

CuSB’

-  81 -



Further Reaction of Pyridoxamine Phosphate and a-K etog lu taric  

Acid in  the Presence of C u ( ll) .

The products o f the transam ination reactio n  of pyridoxamine 

phosphate and a -k e to g lu ta ra te  with C u(ll) were found to  re a c t fu r th e r  

to  give the species with a spectrum 3 in  Fig 20 (p 60), This reac tio n  

took 1-2 days fo r  completion.

Examination of F ig  21 (p 63) shows th a t the species only appears 

in  the  system containing C u(ll) and not with the  o ther m etals used.

I t s  absence from reac tio n  m ixtures of pyridoxal phosphate, glutamate 

and C u(ll) even a f te r  a period of 1 week (a f te r  which time the same 

species should be p resen t as in  a reac tio n  mixture of pyridoxamine 

phosphate, a -k e to g lu ta ra te  and C u(ll) ) would in d ica te  th a t a larg^ '' 

excess of a -k e to g lu ta ra te  i s  necessary fo r  i t s  form ation.

A se r ie s  of s ing le  wavelength runs on the disappearance of the

peak a t  25,500 cm"^ was carried  out to  in v e s tig a te  th e  dependence of '

the ra te  o f disappearance on;

(a) the  pH

(b) the  concentration of C u(ll) 

and (c) the  concentration of aKG

F ir s t  o rder p lo ts  of logD/Time were found to  give s tra ig h t l in e s  . , 

in d ica tin g  a f i r s t  order (o r pseudo f i r s t  order) reac tio n .

Experimental

Reaction m ixtures ( sim ila r to  those described in  p 65) were made 

up and allowed to  re a c t to  the  po in t corresponding to  spectrum 2 (Fig 20) 

before readings were taken. The SP 800 spectrophotom eter was then se t

-  82 -



to  take o p tic a l density  readings every 15 minutes fo r a period of 

about 12 hours.

(a) The e ffe c t on the  f i r s t  order ra te  constant of v a ria tio n  of the  pK

The concentrations of the  reac tan ts  were 16.0 mli in  aKG, 0 .3  mli 

in  pyridoxamine phosphate and 0 .6  mI4 in  C u (ll) . The pH was varied  

between 4.0 and 5 .1 .

F i r s t  o rder p lo ts  are shown in  Fig 29 and a graph of log k^/pH 

i s  shorn in  Fig 30. The gradient of un ity  fo r log k^/pK below pH 5.6 

in d ica te s  th a t  the  reac tio n  i s  base cata ly sed .

Fig 29

Graph of Log OD /  Time.-0.4 Varying pH

4.02
■0 .1
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.1.7
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Graph of log k^/pH 

. . Slope = 1.02

3.2

3.0

4.8

5.04.0

(b) The e ffe c t on k, of v a r ia tio n  o f the  concentration  of C u(ll)

The concentrations of the  o ther reac tan ts  were 0 .3  mM and l6 .0  

mI4 in  pyridoxamine phosphate and a -k e to g lu ta ra te  re sp ec tiv e ly . ' The 

runs were ca rried  out a t  pH 4.02 and pH 4.50. The concentration of 

C u (ll) was varied  between 0,36 and 0,60 mJl, a t  pH 4.02 and between 

0.36 and 1 .5  ml-I. a t  pH 4.50.

F i r s t  order p lo ts  are shovm in  Figs 31 and 32. Graphs 
2+of log  k^ /  log[Gu ] are shown in  Fig 33.
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FiR 31

Graph of Log OD /  Time, Varying [Cu] mi'l

0 .3 '
0.0
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2+Graph of Log OD /  Time. Varying [Cu ]mM
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bO

S

Fi£.J2

• Graph
3 .2

of Log k^/Log[Cu^+] _ .  .  .  .  .

3 .1
^--------- y /  //------>
a /  / 4.7-

3 .0 /  /  (a) pH 4.50 
/  b /

/  /  (b) pH 4.02 , 4 .6  '

4 .9  y /
/  '

. 4 .5

-4.8

/  ̂ Log[Cu '̂ ]̂
4 .4  ‘

4.6 4 .7  4.8 4.9 3.0 — *--------------1--------------1-----------* --------*— 3.1 3.2

(c) The e ffe c t  on of variation of the concentration of oKG

The concentrations of pyridoxamine phosphate and C u(ll) were 

0 .3  and 0 .6  mM respectively and the pH was The concentration

of aKG was varied between 3*2 and 105.6 ini'!.

F irst order p lots are shoim in  Fig 34 and a graph o f log-k^/log[aKG] 

i s  shown in  Fig 35*
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Graph o f Log OD /  Time Varying oKG concentrations

(a ) 32.0  mM (b) IO5 .6  Æ 
(c )  76 ,3  ml'1 

(e )  51 .2  mM

(d ) 3.20 ml/I
( f )  9 .6 0  mM
(g) 16,0  rul-I

Time hours 
2 3

F i ^

Graph of log k^/log[aKG]

Log[aKG]
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D iscussion.

The species responsible for the spectrum 3 (Fig. 20) i s  as 

yet unidentified . The absence of any sim ilar spectrum when ary 

one o f the reactants was omitted from the reaction mixture ind icates 

that a l l  three are necessary mCu(ll), pyridoxamine phosphate and 

a-ketoglutarate. The dependence of the rate o f formation of the 

species on the concentration of C u(ll) also ind icates that the 

copper acts as a ca ta ly st. I f  so, Gu(ll) i s  very much more active  

than any other metal ions used as no spectrum comparable to 3 

appeared when î î i ( l l ) ,  C o(ll) andZn(ll) were present.

I f  the species i s  a reaction product from some further 

reaction o f CuSB"' , an excess of aKG must be present as i s  shown 

by the fact that CuSB' formed d irectly  from pyridoxal phosphate, 

glutamate and C u(ll) does not give a comparable spectrum even 

after 7 days. The suggestion i s  that the complex CuSB' reacts  

VTith aKG by some base catalysed mechanism (Fig. 30) to give the 

unidentified species.

. The reaction i s  considered incidental to the transamination 

reactions being studied and was not pursued further.
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P art 11.

The S ta b il i ty  Constants of the  

Complexes of Pi^^ridoxal Phosphate, 

Pyridoxamine Phosphate, a -k e to g lu ta ra te  

and S c h if f 's  Bases %fith Several Metals,



Transamination has been shoi-m to  proceed v ia  the  m etal chela tes  

of the respec tive  S c h if f 's  bases (see In tro d u c tio n ). Many of these  

chela tes  have been prepared as so lid s  and th e i r  em pirical formulae 

determined (25), but th is  does not n ecessa rily  mean th a t  the  species 

of these formulae predominate in  aqueous so lu tion , nor th a t  they are 

the reac tiv e  species which undergo transam ination. S ta b il i ty  measurements 

on the various possib le  complexes in:.aqueous so lu tion  are therefo re  

desirab le  in  order to  t ry  to  discover some p a ra l le l  between the  k in e tic  

behaviour of reac tio n  m ixtures and the concentrations of the various 

species in  them.

A potentiom etric  t i t r a t i o n  technique was employed to  measure the 

s ta b i l i ty  constants not recorder in  the l i t e r a tu r e  of several complexes 

of pyridoxal and pyridoxamine phosphates and a -k e to g lu ta ric  ac id . These 

were needed during ca lcu la tio n s  to  fin d  th e  s t a b i l i t i e s  of th e i r  

respec tive  S c h if f 's  base c h e la te s , (p 145)*

I t  was f i r s t  necessary to  determine the  pK values of the  various '.i

lig an d s. These determ inations were also  carried  out by means o f •: 

potentiom etric t i t r a t i o n  the theory of which (below -  adapted from th a t 

of Bjerrum (43) ) i s  equally app licable to  both pK and s ta b i l i ty  

constant determ inations.

Where reference i s  made to  pK values o r s ta b i l i ty  constants i t  i s  

understood th a t these are apparent values fo r ionic  streng th  0 .1 . The 

a c t iv i t ie s  of the  various species are assumed to  be id e n tic a l to  th e i r  

concentrations except fo r  R"*" to  which a co rrec tion  was made where 

necessary, (see p 97).
-  90 -



The only d is tin c tio n  i s  th a t  s ta b i l i ty  constants are assoc ia tion  constants 

whereas the corresponding constants fo r  acids are d isso c ia tio n  constan ts; 

( i . e .  each i s  the  rec ip ro ca l of the o th e r) .

Theory

During th e  t i t r a t i o n  of a so lu tion  of pyridoxal phosphate (the 

theory can be extended to  acids of any b a s ic i ty ) ,  the average number of 

protons associated  to  the  ligand  i s ,  according to  Bjerrum (43)

— _ Total no. of rep laceable  protons -  OH" added -  d issoc ia ted  
^ Total molar ligand

n = S . . . :  ”  ( i )

For abbreviations •see Appendix I I .

Taking in to  account the  d ilu tio n  caused by adding v ml. of molar 

a lk a l i  to  150 ml of so lu tio n , ( i )  becomes,

1 5 0 c ,  - i v  .  V')C . -  ( 1 5 0  + v)[H+]
n = - —  ------------------- —-----------------------  ( i i )

® 150C  ̂ ■

where v* i s  the volume of t i t r a n t  required  to  give th e  same pH in  the 

absence of ligand or added ac id , (v ’ i s  only of importance above pH 8, 

becoming very important above pH 10). I t  was found from a graph of 

pH/V fo r  a blank t i t r a t i o n  on the  solvent alone.

[H ] was ca lcu la ted  a t  each pH from the  re la tio n sh ip ;

[H^] = (see p 101)
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■ was calcu la ted  a t each pH from equation ( i i )  and p lo tte d  

again st pH (Fig 38).

The average number of protons associated  to  the  ligand  anion can 

also  be expressed as;

[H A ^ - ]  +  2[H g A - ]  +  S C H J ® ]  +  4[ H / + ]

" a =  — :-------------- : --------------------------— — -
[ a 3- ]  +  [H A ^ - ]  +  [H  A - ]  +  [H g A ° ]  +  [H  A +]

( i i i )
^1 ^1^2 1̂̂ 2̂̂ 3 ŷ.̂ 2̂̂ 3̂̂ 4̂

1 + liÛ + Dif + j £ ] l +
^1 1̂̂ ^2 ^1^^2^3 V2^"^3^4

VJhere = [ h'^][A-^**]/[HA^‘̂ ]

k g  =  [ H + ] [ m ^ - ] / [ H g A - ]  

k j  =  [ H + ] [ H g A - ] / [ E ^ ° ]  -

and k^ = [H'^][H^°]/[H^A+]

I f  the d ifference, between any two successive d isso c ia tio n  constan ts 

were caused by purely s t a t i s t i c a l  e f fe c ts , th e ir  r a t io  would be;

k ^ ^  ( n +  1)(M -  n + 1)

k^ n(K -  n)

N i s  the  to ta l  number of d issoc iab le  protons.

To account fo r  the deviations from th is  due to  e le c tro s ta t ic ,  

sa tu ra tio n  and s te r ic  e ffe c ts  e t c . ,  Bjerrum introduced a spreading 

fa c to r  X such th a t ,
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-  n  +  1 )  2

n ( l ' I  -  n )

Thus in  the p resen t case

1<2/^ = 8x^/3

k^/k^ = 9x^/4 (iv )

and k^/k^ = 8x^/3 

Defining an 'average ' constant k as

k = (k^kgkjk^)^

and su b s titu tin g  in to  equations ( iv )  gives

kg^ = (8 x ^ /3 ) 'k /(k ^ ^ )^ (v)

k^2 = k/(8lyk^x^/3)'* ("vi)

k^2 = (9x^/4)^k/(k^k^)^ (v i i )

= k /(9 x ^ ^ k ^ /4 )^ ( v i i i )

k^^ = (8x^/3)"k/(k^k^)^ (ix )

= k/(8lyk2X^/3)'* «

Dividing (v) by ( v i i i )  k^ = 6 x ^ ^ . (x i)

" (x) ( v i i )  k^ = 6x4(2 (x i i )

. " (v i)  ( ix )  k^ = I6x^k^ ( x i i i )

S u b stitu tin g  ( x i ) ,  ( x i i )  and ( x i i i )  in to  (v) and (v i)

kg = 2k/3x (xiv)

and k^ = k/4x^ (xv)
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k^ = 31a : /2

From ( x i i i )  and (x iv ) ,

(x i)  (xv),

S u b stitu tin g  tno values from (xiv) to  (x v ii)  in to  ( i i i ) :

41P. + 12k4(^[H‘̂ ]^ + 121cx^[h'̂ ]^ + 4[h’‘’]^
^a =

(xvi)

(x v ii)

k^ + + 6 lA ^ H ^ ]^  + 4kx^[H^]^ +
(x v ii i)

The value required  from the experimental n^/pH curve i s  th a t  

value of n^ a t  which the pH i s  the  same as pk»" i . e .  su b s titu tin g  k 

fo r  [H^] in  (x v i i i )  and sim plifying gives n^ = 2 as a rigoroud so lu tio n . 

S im ilarly  th e  values of n^ a t  vjhich th e  pH has the  same values 

as p ly , ply e tc . can be found by su b s titu tin g  equations (x iv) to  (x v ii)  

in to  (x v i i i )  and equating [H^] %d.th k^, k2 e tc .

This g iv e s :-

fo r k.

fo r  k.

fo r  k.

“  = 8lx^/2 + I8x^ + 2
2?x^ + 177x^/16 + 1

= 81/2
27

= 1.50

fo r  la rg e  x

"a  =
(4x^)"^ +  1 2 x 4 l6 x ^  +  48x^  +  4  

2(4x^)^ + 96x^^ + l6x^ + 1

= 0.50

^a
32/27 + 40x^/3 + 4

l6 /8 lx ^  + 32/27 + l6x^/3  + 1 

2.50
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ana f o r k .  ^ ----------
l/(4x^)^ + l/ l6 x  + 3/8%° + 2 *.

= 3.50

Hence a;proximate values o f k-̂ , k£ e tc , (depending upon the 

magnitude of : ; i . e .  the spread o f the pk values) were determined from 

the experiaer ■. -L n /̂pH curve at n  ̂ values of 0 .5 ,  1 .5 ,  2 . 5 .and 3*5 

respectively .

The procedure was repeated for pyridoxamine phosphate and 

a-ketoglutaric acid.

VJhen metal ions are present during the t itr a t io n , these compete 

I'Tith the hydrogen for the ligand anion. According to Bjerrum (43), the 

average number of ligand molecules attached to each metal, n, i s  given 

by I-
[KA~1 + 2[Ka| 1  

+ [I1A-] + [KA^-]
n =

I f  the successive s ta b ility  constants are and K2 , 

and Kg = [Ha|“]/[MA“][a3-]

K [ a 3 -] + 2K K [ a 3 "]2
n = --------------- :------------------------ r  (x ix)

1 + Kj_[A^"] + K̂ KgCA-’"]'^

The values of and K2 are determined experimentally by 

measuring the pH of the protons displaced by the metal ion. Then the 

average number o f protons associated to each ligand anion i s  given by:-
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— _ Total bound protons
^ Total free  ligand

Hence _
n

c , -  n i  -  [ H ^ ]

n C a m

Accounting fo r  d ilu tio n  as before ,

150Cpa -  )Cph + U50 + v)[H~^]

n^ was read from the  previous graphs of n^/pH and hence n was found a t  

each experimental pH,

But, T _ Total bound ligandn — ” —......   ■ ■ ■
Total m etal

^a *■---------------  (A) i s  the  to ta l  fre e  ligand

In  the  case of pyridoxal phosphate th is  gives;

n -  °a -  -  [H A ^ -  [H^"] -  [ h/ ]  -  [ H ^ ]

n =
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o r

1__ i k^kgk.^k^

[A H

Values o f p[A^*^ were ca lcu la ted  fo r  each n, and graphs of 

n/p[A^*] were drawn fo r  each t i t r a t i o n .

By s im ila r reasoning to  th a t above (p 92) i t  can be shown th a t  

approximate values of ly  and K2 can be obtained from these  graphs a t 

n values o f 0 ,5  and 1 ,5 . More accurate values were determined by 

successive approximations in  equation, (x ix ) . One i te r a t io n  was found 

to  be su f f ic ie n t to  give re s u l ts  w ith in  experimental e rro r .

In  o rder to  carry  out th e  ca lcu la tio n s  described above i t  was 

necessary to  know the  re la tio n sh ip  between the  hydrogen ion concentration 

[H^] and a c t iv i ty  a . This was determined by t i t r a t i o n  of standard 

a c e tic  acid w ith sodium hydroxide.

The a ce tic  acid  and water p resen t can be regarded as competing fo r  

th e  added OH** I f  b moles are  taken by th e  a ce tic  acid  and d moles 

by th e  w ater, then

[HA] = -  (b + c)

[A“] = b + c

[H^] from HA alone = c.

S im ila r ly  fo r  water [OH"] = d + e

and [H^] from HgO alone = e

Then to ta l  [H^] = c + e

The equilibrium  constants are given by:

c i s  the  con tribu tion  

from the  d isso c ia tio n  

of the  ac id , and e from 

th a t  of w ater.
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and • k =

S u b stitu tin g  fo r  [A"], [HA] and [0H“] gives,

(b + c)[H**’]
K =

C - (b + c)a

and k = (d + e)[H^]

or c = KCg/(K + [H^] ) -  b (xx)

and e = k/[H^ ] -  d (xxi)

Adding equations (xx) and (x x i) ,

T otal concentration  of hydrogen ions

[H"̂ ] = k/[H^] + KC^/(K + [ h'*']) -  (d + b) (x x ii)

but d + b = m to ta l  moles of OH** added

Hence from (x x ii)

m = k / [ f ]  + KC^/(K + [ f ] )  -  [H'*’] ■

I f  i s  the  concentration of the NaOH added, then taking in to

account the  d ilu tio n  upon adding m moles of a lk a l i  o f volume v : -

V k _  ^ KC^.150/(I50 + V) _

(150 + v) [H ] K + [H ]

o r ' 150c K[h'*'] . + 150(Kk -  -  k[H*])
v =

C^([h‘*’]^ + K[h‘*’] )  -  (Kk -  [H"*"]̂  -  K[h'*’]^  -  k[H"^])

Values of [H ] were su b stitu ted  in  tho above equation to  find  

th e i r  corresponding values of v. p[H^] was p lo tted  against v alongside 

the experimental curve.-
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:K, th e 'co n cen tra tio n ' d isso c ia tio n  constant of a ce tic  acid was 

obtained from a graph of K/ionic streng th  fo r  each value of v, (Fig 36). 

Data fo r  Fig 36 was talcen from Harned and Owen (45)»

Experim ental

( i )  Determination of the re la tio n sh ip  between a and [H*̂ ] •

10.0 ml of 1 .5  M KOI and 10.0 ml of ace tic  acid  (approximately 

0,025 K) were p ip e tted  in to  a three-necked, round-bottomed fla sk  and 

the volume made up to  I 50 ml. The fla sk  was placed in  a water therm ostat 

a t  25.0*^0, In to  one neck of the fla sk  was in se rted  a combined g lass 

and calomel e lectrode while n itrogen  sa tu ra ted  with water vapour a t 

25^0 was passed in  through another. The th ird  neck housed a glass^. 

s t i r r e r  together with the j e t  of a b u re tte  containing standard NaOH. 

(S tandardised by previous potentiom etric t i t r a t i o n  against potassium 

hydrogen p h th a la te .)

The pH of the  so lu tion  was measured on a Pye I)ynacap pH m eter 

a f te r  each add ition  of NaOH. The measurements were read to  0,005 pH 

u n its  and 0.01 ml of t i t r a n t .

The concentration of the  ace tic  was determined from the.end  poin t 

of th e  t i t r a t i o n  by p lo ttin g  pH against volume of t i t r a n t .  The end 

po in t was taken as the point of maximum slope.

A s im ila r graph was p lo tted  in  the  pH range 4 to  6 and-compared 

with the  th e o re tic a l curve calcu la ted  in  terms of -Log[H^] .  These 

are shown in  Fig 37.
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IX^3A

Graph of d isso c ia tio n  constant of a ce tic  acid  ag ain st 

the  io n ic  s treng th .
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T itra tio n  curve fo r  ace tic  acid
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5.0

Volume of NaOH ml 
2010 2515

pH

100



R e s u lts

The. r e l a t io n s h ip  betw een th e  a c t i v i t y  and c o n c e n tra t io n  o f  th e  

hydrogen io n  was found by d iv id in g  th e o r e t i c a l  v a lu e s  from F ig  37 by 

th e  e x p e rim en ta l ones a t  S e v e ra l p o in ts  a long  th e  c u rv e s . From th e  

mean r a t i o  o b ta in e d  th e  fo llo w in g  r e la t io n s h ip  was found to  h o ld : -

_ , 0.93[H+] = a'
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( i l )  Determination of the  pK values of pyridoxal phosphate, 

pyridoxamine phosphate and a -k e to g lu ta ric  ac id .

10.0 ml of 1 .5  M KCl, 10.0 ml of 0.0100 M PyP and 10.0 ml of 

standard (0.01974 HCl were p ip e tted  in to  the  three-necked fla sk  

described above. The volume was made up to  150 ml w ith CC^-free (bo iled) 

.d is t i l le d  water and the  so lu tion  t i t r a t e d  with 0.0200 K KOH. The pH 

was noted a f te r  each add ition  of t i t r a n t .

The experiment was repeated fo r  pyridoxamine phosphate and 

a -k e to g lu ta ric  ac id . Graphs of n^/pH were p lo tted  (F igs 38-40).

R esults

Typical data taken from the t i t r a t i o n  of pyridoxal phosphate with 

KOH are shown in  Table 8.

Table 8

V pH P[H+] V*

0.00 2.800 2.744 - 2.953

10.50 3.615 3.543 - 2.558

15.64 5.685 5.571 1.843

19.28 7.260 - 0.12 1.142

22.20 8.535 . - 0.17 0.510

23.83 ' 9.480 - ' 0.35 0.264

The approximate values obtained from the  graphs of n j pH were 

su b stitu ted  in  tu rn  in to  equation ( i i i ) .  One i te r a t io n  was found to  

be su f f ic ie n t in  most cases to  give a constant r e s u l t .  The values, 

obtained fo r  pyridoxal phodphate, a -k e to g lu ta ric  acid and pyridoxamine
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T itra tio n  curve fo r  pyridoxal phosphate

1.0. 2.0
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TJ-kJ ?.

: T itra tio n  curve fo r  pyridoxamine phosphate
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li-g -40

T itra tio n  curve fo r  a -k e to g lu ta ric  acid

pH
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phosphate are recorded in  Table 9»

Tablé 9

Pam?

Amine N Pyridine N Sec. PO^ Phenol OH Prim. PO

pk^ Pkz Pk^ Pk4 Pkj

8.69 6.32 3.73 1.89

(8.69) (6 .2 0 ) ' (4 .14) . « 2 .5 )

10.70 8.41 5.72 3.32 -

(10.92) (8.61) (5.76) (3.69) « 2 .5 )

p’̂ i pk2

4.74 2,06oKG

Figures in  parentheses are due to  Williams and Keilands (44)•

Approximate values of pk^ fo r pyridoxal phosphate and pk2 fo r 

oKG could not be determined d ire c tly  from the  graphs as th e  pH of the  . \ 

so lu tions was never low enough fo r n^ to  reach 3«5 and 1 ,5  re sp ec tiv e ly . 

Values were taken from the graphs as near as possib le  to  the required  

readings and su b stitu ted  in to  equation ( i i i ) .  Consequently the  re su ltin g  

values may r e f le c t  e rro rs  in  adjacent pk’ s which con tribu te  to  th e  pH 

a t  these  po in ts than would otherwise be the case.
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( i i i )  Determination of the  s ta b i l i ty  constants o f pyridoxal and

• pyridoxamine phosphates and a -k e to g lu ta ric  acid  vd.th 

various m etals.

The t i t r a t i o n s  described in  sec tion  ( i i )  were repeated in  the 

presence of su ita b le  concentrations o f m etal ions ( C u ( l l ) , .h i ( l l ) ,  C o(ll) 

and Z n (ll)  were used). The r a t io  of ligand  to  m etal was usually  2 :1 .

The concentrations of the C o(ll) and H i( l l )  stock so lu tions were 

determined by complexometric t i t r a t i o n s  using the method due to  

Schwarzenbach (46) . The m etal so lu tion  was t i t r a t e d  with E.D.T.A, using 

murexide as in d ic a to r . Solutions of C u(ll) and Z n (ll)  o f the required 

concentrations were made up by weight.

R esults

Several rep resen ta tiv e  r e s u l ts  are  shown in  Table 10. These are 

taken from the  t i t r a t i o n  of pyridoxamine phosphate and N i( l l ) .  (13«3 xlO"*  ̂

and 6 .5  xlO**  ̂ M re sp ec tiv e ly ).

Table 10

V pH pEh”̂ ] V* %a n P[A]

10.20 5.445 5.353 2.650 0.002 11.930

15.36 6.790 6.688 ~ 2,084 0.112 8.875

19.25 7.870 — 0.05 1.848 0.429 6.840

32.33 8.720 - 0.10 1.437 0.735 5.569

26.40 • 9.510 - 0.23 1.123 1.046 4.740

29.28 10.215 - 1.60 0.970 1.430 4.271



Graphs o f n/p[A] were p lo tte d  (F igs 41-50) and the  values of p[A] 

a t  n = 0*5 and 1 .5  taken as the  approximate values o f the logarithm s 

o f th e  resp ec tiv e  s ta b i l i ty  constan ts . These were then  su b stitu ted  in  tu rn  

in to  equation (x ix) u n t i l  constant values were obtained. The re s u l ts  

a re  summarised in  Table 11. '

P y P

P a m P

oKG

C u (ll)

'1 
6.07

10.96

2.90

^2
4.01

5.86

Table 11

N i( ll )

% 
3.51

6.50

2.81

K,

4.23

C o(ll) Z n (ll)  

K. ,

5.69 . 4.52 7.13

2.83 -  2.83

Fig 41

Graph of p[A]/n fo r  pyridoxal phosphate and K i( l l )

5.0

4 .0

0.80.6 1.00.2 0 .4
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E M Æ

Graph of p[A]/n fo r  pyridoxal phosphate and C u(ll) •

. 6.0

3

■ 5.0

0 ,50 ,3
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Graph of p[A]/n fo r  pyridoxamine phosphate and C u (liy

11

1.0 1 .5

- no -



IXk AA

Graph o f p[A]/n fo r  pyridoxamine phosphate and N i( l l )

7.0

6.0

0..5
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Graph of p[A]/n fo r  pyridoxamine phosphate and C o(ll)

6.0

(X.

0..5
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) Fig 46

L Q Graph of p[A]/n fo r  pyridoxamine phosphate and Z n (ll)

8.0

7.0

6.0

0.60 .1 0.3 0.4 0,7
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LiAi.7.

Graph of p[A]/n fo r  a -k e to g lu ta ra te  and Z n (ll)

4 .0

•3.0

Fig 48

Graph of p[A]/î5 fo r  a -k e to g lu ta ra te  and C u(ll)
CM 4.0

0 ,2 0.70 .5
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Fig 49

Graph of p[A]/n fo r  a -k e to g lu ta ra te  and h i ( l l )

■3.2

3.0

Graph of p[A]/TI fo r  a -k e to g lu ta ra te  and Co(11)
bO

3.6

3.4

■3.2

0.1 0.60..3 0.7
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Discussion

The theory behind the determ ination o f s ta b i l i ty  constants 

im plies th a t  a t  n = 0 .5  (and 1 .5 although th is  i s  not so im portant, as 

w ill  be seen) a l l  the  av a ilab le  protons are associated  to  the fre e  

ligand  (o r e x is t as d issoc ia ted  h"*") and th a t  non i s  associated  to  the 

complex. I f  i t  i s  assumed th a t  the  m etal co-ord inates to  the amine 

'n itrogen  and the  phenolic oxygen of pyridoxamine phosphate, and th a t  

co-ord ination  does not a l t e r  the  pK's of the  remaining groups, then 

Table 10 shows th a t  fo r  K i( l l )  and PamP, n = 0 . 5 a t a p H  (ca . 8 .1) 

which i s  below the  pK of an 'unco-crdinated group (th e  rin g  n itrogen  

with a pK. of 8.4 -  Table 9 ) , The same i s  more o r le s s  tru e  fo r  C o(ll) 

and Z n (ll)  w ith PamP where n = 0 .5  a t  pH-^ 8,4 and 7*7 re sp ec tiv e ly .

With C u(ll)  and pyridoxamine phosphate the  pH i s  ca, 5*S, vdiich means 

th a t  two groups could be almost completely protonated while co-ord ination  

took p lace , the  rin g  n itrogen  and the  secondary phosphate (i-Tith pK values 

of 8 .4  and 5*7 re sp ec tiv e ly ).

S im ilarly  w ith pyridoxal phosphate and C u (ll) , i f  i t  i s  assumed th a t 

co-ord ination  takes place only th ro u ^  the  rin g  n itrogen , n = 0 .5  a t  

a pH (of ca. 6) which i s  le s s  than the pK fo r the secondary phosphate 

of 6 ,3  (Table 9 ). •

This means th a t the  theory developed on p 96 should re a d :-

Total bound protons = protons bound to  protons bound to
+

fre e  ligand  co-ordinated ligand ,

o r Cĵ  -  m -  [ h'*'] = n^(C^ -  + n^n'C^ (x x il i)
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where i s  the  average nimiber of protons bound to  each co-ordinated 

ligand  molecule, and n ’ i s  the average number of ligand  molecules 

associated  to  the  m etal (including protonated m olecules),

h^ can be ca lcu la ted  i f ,  as was assumed above, the  metal 

co-ord inates to  th e  cen tres suggested and i f  co-ord ination  leaves the 

pK's of the  remaining groups unaffected . Then,

_ [ A / k ^  +
 ̂ 1 + [H+]/ki + + [H*]2/kj_k̂ k̂

where k^, k^ e tc . are  the  d isso c ia tio n  constants of th e  remaining 

groups, n^ was ca lcu la ted  over the  desired  pH range fo r  the complexes 

of both pyridoxal and pyridoxamine phosphates and graphs of n^/pH 

were p lo tte d . These are shown in  Fig 51*

Then, rearranging equation (x x ii i)  gives, ^ •

- ,  .  °A - ^  (xxlv)

("a  -

n ‘ was calcu la ted  from equation (xx iv ). In  Table 12 are shown 

some values of n ’compared T/ith the  corresponding values of n calcu la ted  

befo re . The data are taken from the  t i t r a t i o n  of C u (ll) and pyridoxal 

phosphate with KOH (p 107). In te rp o la tio n  o f • th i s  da ta  gives h* = 0 .5  

and 1 .5  a t  the pH values of 5*40 and 6.66 re sp ec tiv e ly . These 

correspond to  p[A] values o f 11.69 fo r  and 9.37 fo r  K  ̂ ( c f .  Table 11 

P 108) .  .
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F i £ j l

Graph of n^/pH fo r  (a) Pyridoxal phosphate

(b) Pyridoxamine phosphate1.6

1 4

•1 .0

•0.8

‘0.6

■0.2

5 ^ .0.0

-  118 -



Table 12

"a pH n % nV

2.729 5.300 0.3679 1.718 0.4059

2.653 5.440 0.3939 1.648 0.5212

2.588 5.565 0.4254 1.590 0.5508

2.140 6.545 0.6916 1.120 1.451

2.101 6.695 0.7339 1.084 1.516

2.063 6.900 0.7853 1.035 1.576

1.850 . 7.840 1.092 . .  0.760 1.854

1.668 8.285 1.251 0.566 1.893

1.430 8.725 1.456 0.333 1.893

As n ' i s  the  average of a l l  the  protonated and unprotonated forms 

of pyridoxamine phosphate, the  constants and are defined by:

= [CuP -  a l l  forms] / [ [ P^"]

and %2 “ [CuP^ -  a l l  forms]/[CuP -  a l l  forms][P^"]

In  order to  ob ta in  K, and K« in  the  forms1 2  ■,

/rn„D-ir ü3-i

K]; = [CuP-]/[Cu^^][P^-] .
(xxv)

and = [ CuP^"]/ [ CuP"][ P^"]

the follow ing re la tio n sh ip s  must be u sed :-

[CuP- a l l  foims] = [C uP"](l + [H'^]/k][ + [H'^]^/k][k^ + [H*^]^/k^k^k^)

and

[CuP^- a l l  forms] = [CuP^**](l + [H'^]/k]_ + + [H*^]^/k£^^

+ [H+]4/kj^^k^^ + [ / ] ^ / k i \ ^ \ ^  + { ^ f l k ^ k J ^ k f )  
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S u b stitu ting  the hydrogen ion concentrations a t n' = 0 .5  and 1 .5  

in to  the  above equations and co rrecting  and K2 gave,

= 8.19 • and = 5 . 8I

(c f .  the  o r ig in a l values of 10.96 and 5*86). K2 would not be expected 

to  a l te r  very much by th i s  co rrection  as the  pH a t which n ' = 1 .5  i s  

comparatively h igh, and more of the protons which would have been 

associated  to  the complexes have been n eu tra lised . In  view of the  

assumptions made the  agreement between K2 and i s  good.

These ca lcu la tio n s  were also carried  out on data from the  t i t r a t io n s  

of pyridoxamine phosphate-H i(ll) and pyridoxal phosphate-C u(ll). The 

re s u lts  are summarised in  Table I 3. The values of K£ and in  Table 13 

are the  ' a l l  forms' constan ts calcu la ted  from the  corrected  values of 

n; i . e .  n ' .

^1 K2

Table 13

KZ

Ni(H)-PamP 6.50 4.23 8.40 4.23 7.34 4.23

Cu(ll)-PyP 6.07 4.01 6.83 4.01 6.00 4.01

Cu(11)-PamP 10.96 5.86 11.69 9.37 8.19 5.81

In  th is  case the constants and K2 are meaningless and must 

be replaced by e ith e r  and o r and as requ ired .

Two fa c to rs  probably account fo r  the  d ifferences in  the s ta b i l i ty  

constants of the  complexes of pyridoxal and pyridoxamine phosphates.
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These are:

( i )  The d if fe re n t hybrid s ta te s  of the  donor n itrogen ; 

and ( i i )  The b id en ta te  nature o f pyridoxamine phosphate compared 

vjith the monodentate pyridoxal phosphate.

The s ta b i l i ty  constants of several complexes of pyrid ine and 

ethylamine are shown in  Table 14 fo r comparison with the  presen t re s u l ts .

Table 14
H C u(ll) .. N i(H )
%1 %l %2 %1 %2

Pyridine 5.18. 2.52 1.86 1.78 1.05

Ethylamine 11.52 11.90 9.97

(Data from re f  47)

The low values fo r  pyrid ine are probably caused by the low pK 

(5.18) compared w ith the  pK fo r  the  ring  n itrogen  of pyridoxal phosphate . 

(8.69 -  Table 9»P IO6 ). An approximate co rrec tion  fo r  th i s  e f fe c t  can 

be obtained by adding the  d ifference  between the  two pK values onto 

the  s ta b i l i ty  constants shorn above. The orders of magnitude of K fo r  the 

complexes of pyrid ine and pyridoxal phosphate are then s im ila r.

Conclusions

The recognised potentiom etric  t i t r a t i o n  method of determining 

the s ta b i l i ty  constants of complexes which are capable o f accepting , 

protons has been shown to  be u n sa tisfac to ry  fo r  cases in  which the  

s t a b i l i t i e s  are  such th a t  appreciable concentrations of complex are
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formed a t  low pH values. The method can be adapted fo r  these  cases 

i f  i t  i s  known to  how many cen tres the  m etal i s  co-ordinated, and 

i f  th e  pK values of the  complexes are known.
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D eterm ination o f th e  S ta b i l i ty  C onstants o f th e  M etal 

S c h if f ' s Base Complexes.

Two methods were used to determine the s ta b ility  constants of 

the complexes derived from the S ch iff' s bases o f pyridoxal phosphate- . 

glutamate and pyridoxamine phosphate-a-ketoglutarate. These were 

(a) A spectrophotometric method 

and (b) A potentioraetric t itr a t io n  method.

(a) The f in a l op tica l density o f a reaction mixture containing, 

pyridoxal phosphate, glutamate and C u(ll) ions was found to be almost 

d irectly  proportional to the concentration of C u(ll) for a ratio  of 

Cu(ll):PyP le s s  than 1, and ..almost independent for a ratio  greater 

than 1, (p 34)» The f in a l op tica l density also varied with the glutamate 

concentration, sometimes even decreasing when the glutamate concentration 

became high.

Christensen (33) reported that when a 0.1  ml-I solution o f the 

S c h if f  8 base-^netal complex of C u (ll), pyridoxal and valine at pH 8,5  

was suddenly made 0 .1  M in  va lin e, the copper became equally 

distributed between the S ch iff' s base and the valine in  a period of 

about 2 minutes. By measuring the absorbance at three d ifferent 

wavelengths he was able to estimate the concentrations of pyridoxal,

S ch iff' s base and chelate present and.thereby obtain a value for  

log K of 14 . 4 , where the s ta b ility  constant K i s  defined as

. K = [CuPyVal°]/[Cu^'^][PyVal^“]
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Davies e t a l .  ( 36) l a t e r  obtained a value of 14*5 fo r  the same system 

using a s im ila r method.

. I t  wohid seem, th e re fo re , th a t  a s im ila r com petition between an 

excess of glutamate and the S c h iff ' s base were being observed in  the . 

p resen t study; a balance being obtained between increased S c h iff ' s 

base formation and decreased copper a v a ila b il i ty  on ra is in g  the  

concentration  of glutam ate. I f  so, i t  should be possib le  to  ob ta in  an 

estim ate of the  s ta b i l i ty  o f the  complex formed.

The method of C hristensen (33) and Davies ( 36) was t r i e d ,  but 

w ithout success. This was because:-

( i )  Small changes in  o"ptical density  were involved a t  a l l  

wavelengths o ther than  25,500 cm"’̂ ,  (Even these changes were q u ite  

small fo r  m etals o ther than C u(ll) and H i( l l ) .  );

( i i )  The o th er two species absorbed to  a c e r ta in  ex ten t a t  the  

wavelength chosen to  measure the  concentration  of the th i r d .  This 

made successive approximations necessary to  ob ta in  sa tis fa c to ry  re s u l ts ;

( i i i )  The process accumulated e rro rs  incurred a t  a l l  th ree  

wavelengths.

In  th is  work a method was applied which u t i l i s e d  measurements 

a t  one wavelength only. The po in t chosen was th a t which corresponded 

to  the  peak o f an absorption band due to  the m e ta l-S c h iff  s base

a t  25,500 cm"^.
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Theory

Consider the  e q u ilib r ia

Kl
I^P + Glu ^ SB»

and SB» + MSB»

then ■ = [SB»]/[PyP]Cg ( i )

and = [MSB»]/[SB»][M^'^] . . ( i i )

where C i s  the  to ta l  glutamate concentration  -  also taken as the  to ta l  
S ■

fre e  glutamate concentration  because o f i t s  la rg e  excess. Square 

b rackets rep resen t the  concentrations of free  species.

From ( i )  and ( i i ) ,  = [MSB»]/[î^P][M^]Cg ( i i i )

The value requ ired  i s  th a t  o f K2 .

The d is so c ia tio n  constants of glutamic acid are given b y :-

= [h'^][G1u^’ ]/[KC-1u“] 

kg2 = [H'’][HGlur]/[H2Glu] ( iv )

ka3 = [H+][H2Glu]/[HgGlu+]

and the  s ta b i l i ty  constants o f the  m etal-glutam ate complexes b y :-

k^ = [Mglu]/[M^’‘‘][Glu^*^

kg = [MGlUg"]/[MGlu][ Glu^~]
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Surnming the  concentrations of a l l  the  re ac tan ts  gives.

Total concentration of m etal,

• = [if"*"] + [MGlu] + [MGlUg"] + [MSB»] (v i)

The species of M-PyP are ignored. This i s  ju s t i f ia b le  by comparisons 

of th e  s ta b i l i ty  constan ts, pK values and concentrations of PyP and Glu 

which show th a t  in  the  most favourable cases only about 1^ of the m etal 

e x is ts  in  th e  form of M-PyP complexes, the  percentage usually  being 

much lower.

Total concentration  o f PyP,

Cp = [r^P] + %SB»] + [MSB»] (v i i )

Summing the con tribu tions of a l l  the  absorbing species towards 

the  o p tic a l density :

D = [iyP]Ep + [SB']E^^ + ( v i i i )

S u b stitu tin g  ( i i i )  and (v) in  (v i)  gives:

=  [ l f ' ^ ] ( l  +  k ^ [ G l u ^ - ]  +  k ^ k g C G l u ^ " ] ^  +  % [ I ^ P ] C g )  ( i x )

S ub stitu tin g  ( i )  and ( i i i )  in  (v i i )  gives:

Cp = [P yP](l + E^Cg + E^K2Cg[M^+]) (%)

S u b stitu tin g  ( i )  and ( i i i )  in  ( v i i i )  gives:

D = [I^P] (Ep + K^CgE^^ + . (%i)
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Solving equation (x) fo r  [PyP] and su b stitu tin g  in  ( ix )  gives:

F +

where F =

,2+-
(x i i )

1 + K̂ Cg + K̂ KgCg[M" ] )

1 + k̂ [Glû "] + k̂ kg[Glû T̂

Elim inating [PyP from (x) and (x i)  gives:

D(1 + K^Cg + ) = Cp(Ep + K^CgE^^ + Kÿ^CgE^^^CM^-^] ) ( x i i i )

Solving ( x i i i )  fo r  [M̂ *̂ ] and su b s titu tin g  in  (x i i )  gave an equation 

which, when rearranged in  terms o f Kg became:

AF (xiv)

1 + K̂ C + A/B!

where

A = D(1 + K^Cg)

and B — D — C E ,p rasb

The only constants in  equation (x iv ) not independently determinable

are Kg and E^^^. These were found by p lo ttin g  a graph of log Kĝ

against assumed values of ^or each s e t  of experimehtal values o f -

D and C . The graphs should in te rs e c t  in  a po in t giving the  co rrec t e
values of Kg and E^^^.
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Experimental

1.0 ml of ace ta te  b u ffe r and 1.75 ml of water were p ip e tted  in to  

a 3 ml quartz 1 cm c e l l .  This was followed by 0,25 ml of pyridoxal 

phosphate so lu tion  to  give a concentration of 0 .2  mI4. The o p tic a l 

density  o f the  re su ltin g  so lu tion  was measured (a t  25,500 cm"^) again st 

a blank o f b u ffer and water using the  sca le  expansion u n it .  The 

procedure was repeated u n t i l  r e s u lts  were co n sis ten t to  w ith in  0,001 

OD u n its .  The ex tin c tio n  c o e ff ic ie n t o f pyridoxal phosphate a t  

"that pH and wavelength was then D/2.10"^. '•

The above procedure was repeated using 1.75 ml o f i;he sodium 

glutamate so lu tion  (previously adjusted  to  the  pH of the  b u ffe r with 

NaOH so lu tion ) in stead  of w ater. The concentration  of the  glutamate in  

the sample was then 0,112 M, Using the  equilibrium  constant fo r  Schiff » s 

base form ation (see p 143)» the  concentration  of Schiff» s base in  the 

sample was ca lcu la ted  and hence i t s  ex tin c tio n  c o e ff ic ie n t E^^,

O ptical density  measurements were taken on so lu tions 0 .2  mli in  

pyridoxal phosphate, approximately 0 .4  mM in  metal (the  ac tu a l 

concentrations were determined by complexometric t i t r a t i o n  on the stock 

so lu tions as reported in  p 107) and from 3^ to  73 in  glutam ate. The 

ion ic  streng th  was kept constant w ith HaCl, The experiments were 

repeated a t  each concentration o f glutamate u n t i l  r e s u lts  were co n sis ten t 

to  w ith in  0,003 OD u n its ,  - .

The values of D and were su b stitu ted  in to  equation (x iv) 

to ge ther with the values of E^, E^^ and Kg was calcu la ted  as ' 

discussed above,
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R esults

Graphs o f logKg/E^^^ are shovm in  F igs 52-57 fo r  the various 

m etals a t  severa l pH values. The re s u lts  are summarised in  Table 15.

Table 15

pH 3.94 4.57 5.04 6.37

6.4 t  0 .2 7.4  t  0 .5 7.3  t  0 .1 16.1 t  1

^2 Hi a 4.76 t  0.02 5.01 t  0.01 5.58 t  1

Co b 3.97 -  0.04 3.65 t  0.20 b

Cu 6.1 t  0 .4 a a a

Zn b a a b

a -  graphs did not in te rs e c t 

b -  not measured
•**

The probable e rro rs  rep resen t th e  mean dev iation  of the  in te rse c tio n s  

from the  average value o f th e  in te rs e c tio n s . These are usually  much 

le s s  than the  corresponding probable e rro rs  in  in d ica tin g  th a t  the 

method i s  q u ite  in se n s itiv e  to  the  value o f -  as expected.

I t  was found th a t ,  with the  exception of copper a t  pH 3*94» the  

re s u l ts  could be divided in to  two c le a r ly  defined ca teg o ries ; those 

idiich in te rsec te d  in  a po in t (o r over a small a re a ), and thbse %n which 

no in te rse c tio n s  were observed, the  curves running »p a ra l le l* . In  the 

l a t t e r  case even random in te rse c tio n s  were ra re . The l in e s  on the  

graph fo r  copper a t  pH 3.94 were found to  in te r s e c t ,  but to  do-so 

only over a comparatively la rg e  a rea .
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F1&J2

Graph of Log Kg against E x tinction  C oeffic ien t 

Average Log Kg = 5»58 * 0.04 Metal — M i(ll)

pH 6.37

[ K i ( l l ) ]  = 0.651 mI4, [PyP] = 0 .2  mM 

[ Glu] mM D

1.301

1.330

1.334

1.330 

1.320 

1.001

E xtinction  C oeffic ien t E xlO
6.8 6.9
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F i£ j 3

Graph of Log Kg against E x tinction  C oeffic ien t 

fo r  h iC n )  a t  pH 5.04 

Average Log Kg = 5.00? t  0.005

[ M id i ) ]  = 0.651 mM, [PyP] = 0 .2  #1 

[Glu] ml

a

b 1.345

0.984

E xtinction  C oeffic ien t E ^ xlO
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rA sj-4

Graph of Log Kg /  E x tinction  C oeffic ien t fo r  N i( l l ) ,  pH 4»57 

Average Log Kg = 4.76 t  0.02

[ iJ i ( H ) ]  = 0.651 mM, [r^P ] = 0 .2  rnîî
[Glu] rul'd . D

a 73.6 1.332

b 48.0  1.323

c 16.0 1.266

d 9 .6  1.222

e 6 .4  1.186

f  3 .2  1.116

0.916

E xtinction  C oeffic ien t E^^^ xlO" 

6 .8  ___ 6.9
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• Graph of Log Kg /  E x tinction  C oeffic ien t fo r C o(ll) a t  pH 5.04 

Average Log Kg = 3.65 -  0 .2

[C o ( ll ) ]  = 0.610 mM, [Î^P ] = 0 .2  mK
■ 4.1

[Glu] mI4 ■ D

a 48.0 1.029

b 16.0 1.015

c 9.6 1.005

d 6 .4 0.999

0.984

Extinction  C oeffic ien t E^^^ xlO'
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Fig 56

Graph of Log Kg /  E xtinction  C oeffic ien t fo r  Co(11) a t  pH 4.57 

, . Average Log Kg = 3.97 -  0.04

[C o ( l l ) ]  = 0.610 mil, [PyP] = 0 .2  rnl'4

[Glu] raid

1.013

1.003

0.970

0.945

0.916

E x tin c t io n  C o e f f ic ie n t  E 

5.2
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Fig 51
Graph of Log Kg /  E x tinction  C oeffic ien t 

fo r  C u(ll) a t  pH 3.94

[C u ( ll ) ]  = 0.400 itlM, [ I^ P ] .=  0.200 mid

[ Glu] mid D

a 

b 1.339

1.315

1.301

1.305

0.719

E xtinction  C oeffic ien t E^^^ xlO

-  135 -



The physical reason fo r  non -in tersec tio n  would be e ith e r  th a t  

th a t  the  ex tin c tio n  c o e ff ic ie n t changed with increasing  glutamate 

concentration , o r th a t  Kg as defined in  equation ( i i )  were not a  constant* 

E ith e r  o r both of these  p o s s ib i l i t ie s  vrould be tru e  i f ;

( i )  more glutamate co-ord inates with the  m etal already coraplexed 

to  the  Schif f  ' s base ( re su ltin g  in  a ‘mixed* complex). Such co-ord ination , 

vdiether o r not accompanied by a sp ec tra l change, may by expected to  

give r i s e  to  dev iations from the th e o re tic a l s im ila r to  those observed, 

as the  equations derived above (p 125-7 ) wpuld no longer hold;

( i i )  th e  m etal were s t i l l  e ffe c tiv e ly  av a ilab le  fo r  MSB* form ation 

even when co-ordinated to  glutam ate. Although th is  i s  th e o re tic a lly  

improbable, i t  vias noticed th a t  experimental conditions wtiich favoured 

a high F value ( in  e f fe c t  a measure of the  degree of m etal-glutam ate 

complexing -  see p 127) , the  fu r th e r  away the  curves were from in te rs e c tin g . 

This was usually  the  case fo r  copper.

I f  the  to t a l  amount of m etal were assumed to  be always av ailab le  

fo r  MSB’ form ation, whether o r not already co-ordinated to  glutamate, 

(equ ivalen t to  making F u n ity ) l in e s  which had not previously in te rsec ted  

were found to  do so.

This seems to  support suggestion ( i i )  even though i t  i s  not 

th e o re tic a lly  ju s t i f ia b le .  However, conditions which would be expected 

to  favour ( i i )  -  e .g  high F -  would a lso  f a c i l i t a t e  the  add ition  of 

one o r more ex tra  glutamate ions to  the  m etal already bound to  the  Schiff *s 

base. This would s a tis fy  suggestion ( i )  which seems the  more l ik e ly .

Zinc was found to  be an exception to  these considera tions.

Although i t s  F value never rose above 1.5» none of th e  experiments
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re su lted  in  curves which in te rsec te d .

With copper, the  only experiment which re su lted  in  curves which 

in te rsec te d  was ca rried  out a t  pH 3*94 i-diere i t s  F value was 

comparatively small (maximum value of ca. 9 compared w ith 40 a t  pH 4*57 

and 400 a t  pH 5*04). Ho experiments were conducted a t  pH values le s s  

than 3*94 because of the  increasing  d if f ic u l ty  o f measuring K^.

In  Table 16 are compared the F values of the m etals a t  pH 5*04 

and a t  various glutamate concentrations.

Table 16

[G1u2-] Cu Hi Co Zn

mI4 M.IO® F F F F

73.6 116 i l8 1.95 1*13 1*13

48.0 75.4 197 1*61 1.09 1.21

16.0 25*1 34.6 1.20 . 1*03 1.07

9*6 15*1 17*4 1.12 1.02 1 .04..

6 .4 10.1 10.7 1.08 1.01 1.03

3.2 5.0 5.2 1.04 1.01 1.01

For the ca lcu la tio n s i t  was necessary to know the  pK values of

glutamic acid  and the s ta b i l i ty  constants of the  various m etal ions 

with glutam ate. The values used are recorded in  Table I 7 . They . 

were talcen from r e f .  47*
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Table 17

K2 b

H"̂ 9.67 4.28 2.30

Co 5.06 3.40

Cu 7.85 6.55

Hi 5.90 4.44

Zn 5.45 4.01

Discussion

The values of Kg shown in  Table 15 are  calcu la ted  in  terms of the 

t o t a l  molar concentration  o f S c h iff‘s base and not of a p a r tic u la r  

ion ic  species. The re s u lts  a re  th e re fo re  pH dependent.

In  order to  express Kg in  terms of an ion ia  Schiff * s base, the 

d isso c ia tio n  constants of the  uncomplexed Schiff * s base are requ ired . 

These values are  not av a ilab le  fo r  th i s  syston, but are  recorded fo r  

pyridoxylidenevaline by H etzler (22).

M etzler measured the apparent equilibrium  constant K^^ between 

pyridoxal, va line  and the  corresponding Schiff * s base a t  numerous pH 

values, where . ■

K^^ = [S c h if f ’s base]/[Pyridoxal][V aline]

Defining the  ac tu a l equilibrium  constant K as

K = [SB ^"]/[rÿ"][V al"]

M etzler re la te d  K^g to  K by tak ing  in to  account the  pK values o f the
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various d issoc iab le  groups. These were known fo r  pyridoxal and valine  

but unltnown fo r  the  S ch iff’s  base. One of the  th ree  pK*s a ttr ib u te d  

to  the l a t t e r  was given a value of 10.49 from observations of sp ec tra l 

changes of the  Schiff * s base about th is  pH, while another (the  carboxyl 

group) was assumed to  have the same value in  the Schiff * s base as in  

v a lin e . The b e s t th e o re tic a l f i t  o f the  observed K^pj/pH graph was 

obtained talcing values of I .65 fo r  l o ^  and 5.88 fo r  the th ird  pK 

(a ttr ib u te d  to  th e  ring  n itro g en ).

The re s u l ts  from the  s ta b i l i ty  constant determ inations on the 

m etals C u(ll) and N i( ll )  sho-wn in  Table 15 were reca lcu la ted  in  terms 

of the  concentrations of penta-anionic S c h iff ' s base and tr i-a n io n ic  

ch ela tes  by adding the  fa c to r  (log[SB ']/[SB '^*^ -  log[MS3‘]/[MSB'^*^ ) .

The term [SB*]/[SB'-^"^ was ca lcu la ted  by using M etzler’s values of 

10.49 and 5.88 fo r  th e  two unknown pK’s , and assuming th a t  the  o th er 

d isso c iab le  protons in  the S c h iff’ s base have pK’s comparable to  those 

in  fre e  pyridoxal phosphate and glutamate ( I .89 fo r  primary phosphate, 

6.32 fo r  secondary phosphate and 4.28 and 2 . 3O fo r  the carboxyl groups of 

glutam ate).

S im ilarly  [MSB’]/[MSB’ was ca lcu la ted  by tak ing  Davies’ ( 36) 

values fo r  the pK’s of the  rin g  n itrogen  in  the complexes of 5.6 ^ d  

6,7 fo r  copper and n ickel re sp ec tiv e ly . The o th er pK’ s were taken 

as 1 . 89, 2,30 and 6.32 fo r  both copper and n ickel complexes.

The reca lcu la ted  re s u l ts  are shown in  Table 18.
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Table 18

pH 3.94 4.57 5.04 6.37

K» .H i 10.01 9.76 9.45

K» Gu 14.28

These values are comparable in  magnitude to  those obtained by 

Davies e t  a l .  ( 36) fo r  the  pyridoxal-valine system (14.5 and 10.8 fo r  

copper and n ickel re sp ec tiv e ly ).
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D ete rm in a tio n  o f  th e  E q u ilib riu m  C onstan t f o r  th e  F orm ation  

o f  th e  S c h i f f 's  Base from P y rid o x a l Phosphate and G lu tam ate ,

The fo rm a tio n  o f  S c h i f f ’ s b a se s  betw een p y r id o x a l (o r  i t s  phosphate) 

and aminp a c id s  h as  a lre a d y  been  w ide ly  re p o r te d  (1 0 ,1 8 -2 2 ) . The 

e q u ilib r iu m  c o n s ta n ts  f o r  some amino a c id s  a re  reco rd ed  in  s e v e ra l  ( 10, 19).

W ith p y r id o x a l and m onobasic amino a c id s  th e  problem  o f  r e l a t i n g  

th e  observed  a p p a re n t e q u ilib r iu m  c o n s ta n ts  to  th e  io n ic  s p e c ie s  a c tu a l ly  

ta k in g  p a r t  i n  th e  e q u ilib r iu m  i s  f a i r l y  e a s i ly  r e s o lv a b le  (2 2 ) .

'However, i n  th e  ca se  o f  p y r id o x a l phosphate  and g lu tam ic  a c id  an 

e q u ilib r iu m  in v o lv in g  th e  t o t a l l y  io n is e d  s p e c ie s  would r e s u l t  i n  

p e n ta -a n io n ic  S c h i f f 's  base  fo rm a tio n . C onsequently  i t  may be expected  

t h a t  th e  observed  e q u ilib r iu m  c o n s ta n t K m ight d e v ia te  from t h a t  

d e fin e d  a s

K = [S B '5 ’ ] /[P y p 3 -][G lu ^ -]

C
T his d e v ia t io n , to g e th e r  w ith  th e  d i f f i c u l t y  i n  c a lc u la t in g  [ S B ' a t  

v a r io u s  pH v a lu e s  -  because o f  th e  unknown pK v a lu e s  o f  th e  S c h i f f 's  

base  -  made i t  n e c e ssa ry  to  e v a lu a te  a t  each pH re q u ir e d ,  i s  

d e fin e d  a s  l

= [ T o ta l  S c h i f f 's  b a s e ] / [T o ta l  f r e e  PyP][F ree Glu] 

o r  = [SB»]/[PyP]Cg ( i )

The s u b s t i tu t io n  o f  th e  t o t a l  c o n c e n tra tio n  o f  g lu tam ate  C f o r  

t o t a l  f r e e  g lu tam ate  i s  v a l id  because  o f  th e  la r g e  ex cess  o f  g lu tam ate  

i n  th e  fo llo w in g  ex p erim en ts .
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The o p tic a l density  D i s  then given by:

D = + [PyP]Ep , ( i i )

Total pyridoxal phosphate in  the reac tio n  mixture i s

Cp = [SB'] + [PyP] ( i i i )

E lim inating [PyP from ( i i )  and ( i i i ) ,

D = [SB']Egp^ + ( C p- [ S B ' ] ) E p

= [SB-](E^b -  Ep) + C^Ep ( iv )

Elim inating [PyP] from ( i )  and ( i i i ) ,

El = [SB ']/(Cp -  [SB'])Cg

o r [SB'] = K iCgCp/d'+ KiCg) (?)

S ub stitu tin g  (v) in  ( iv ) ,

D = CpEp + Cp(E^  ̂ -  Ep)KiCg/(l + KiCp

I f  Dq = CpEp the  o p tic a l density  of PyP alone

Then D -  Do = KiCpCgCE î, -  Ep)/(1 + KiC^)

This rearranges to

l/C g = EiCp(E^^ .  Ep)/(D .  Do) -  El

Thus p lo ttin g  l/C ^ ag a in st l / (D -  D^) should give a s tra ig h t l in e  

The negative in te rc e p t on the  o rd inate  i s  then

— 142 —



Experimental

1 .5  ml of ace ta te  b u ffe r were p ip e tted  in to  a 3 ml quartz  c e l l  

th e m o s ta tted  a t  25.0°C, together w ith 0.25 ml of pyridoxal phosphate 

so lu tio n . The volume was made up to  3.0 ml with NaCl so lu tion  of the 

same ion ic  streng th  as the glutamate so lu tion  to  be used. The o p tic a l . 

density  of the so lu tion  (0 .2  mI4 in  PyP)was measured a t  24,500 cm"^, the 

wavelength of an absorption pealc in  th e  absence of m etal ions. The 

o p tic a l d e n s itie s  of so lu tions 0 .2  mI4 in  pyridoxal phosphate were then 

measured in  the presence of various concentrations of sodium glutamate 

(32 to  112 m}l). The ionic streng th  was kept constant %fith HaCl. The 

sodium glutamate so lu tion  had previously been adjusted to  the  pH of the 

b u ffe r to  prevent changes in  the pH of th e  reac tio n  mixture a t  high 

concentrations of glutamate.

Graphs of l/C ^ against l/(D  -  D^) were p lo tted  a t  each pH (Fig 58). 

The ’b e s t’ s tra ig h t l in e  was draivn through the po in ts and K, was measured 

as the negative in te rc ep t on the  o rd in a te . The probable e rro r  was 

determined by dravdLng o ther ’p o ssib le ' l in e s  through the  experimental 

po in ts  and measuring the deviations from the  'b e s t ' value.

The r e s u lts  are shoivn in  Table 19. •

Table 19

pH _ 3.95 4.57 5.04 5.86 6.37

6.4  t  0 .2  7 .4  - 0 .5  7 .3  t  0 .1  H .2 t  0 .5  16.1 + 0 .2
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Fig 58

Graph o f l/[G lu ]  a g a in s t l / (D  -  D )

pH G 3.95 
Q 4.57 
V 5.04 
+ 5.06 
X 6.37

-20
1/(D -  Dr,)
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(b) D eteraination of the  'Mixed' S ta b il i ty  Constants of S c h if f 's

Bases with various m etals.

The re s u lts  from p I 36 suggest th a t  m etal ions can form 'mixed' 

complexes with S c h if f 's  bases and th e i r  c o n s titu en ts . The evaluation  

of th e  s t a b i l i t i e s  of these complexes spectrophotom etrically  depends . 

upon th e re  being measurable sp ec tra l changes associated  with each 

add ition  o f lig an d . This i s  tru e  fo r  the add ition  o f S c h if f 's  bases 

to  th e  m etal but may not n ecessarily  be so fo r  fu r th e r  addition  of . 

^u tam ate  o r pyridoxal phosphate. A potentiom etric t i t r a t i o n  technique 

i s  th e re fo re  more su itab le  fo r  th is  study.

W atters (48) successfu lly  developed Bjerrum 's method (43) o f .

c a lcu la tin g  the  average number of each species associated  to  the m etal in

a system of tiTO co-ord inating  ligands ( ethylenediamine and oxalic  ac id ).

The method i s ,  however, dependent upon th e  b a s ic i t ie s  of the  two

ligands being vd.dely d if fe re n t so th a t  mixed complexes are not formed

in  the  presence o f appreciable concentrations of undissociated ac id .

This condition does not apply in  the  p resen t although i t  may, as a
2+f i r s t  approximation, in  th e  system M -pyridoxamine phosphate-aketo- 

g lu ta ra te , where the  pK values of a -k e to g lu ta ric  acid are re la tiv e ly  

low. For th is  reason W atters' method o f ca lcu la tio n  was t r i e d .

I f  the o v e ra ll s ta b i l i ty  constants fo r  the form ation of complexes 

of th e  type are defined as:

Qpg = [^lPpGg]/[M][P]^[G]^ om itting charges ( i )

-  145 -



Then the  average number of pyridoxamine phosphate molecules associated  

to  each m etal ion  i s :

[KP] + 2[MPg] + [KPG] + 2[MPgG] + [MPG ]̂ + 2[MP^G^]

«loP + + Qi^P.G + ZQgiP .̂G + Q^2P.0^+ PQggP .̂G^

1 + ^ 0 ^  + «20^^ + + «21^^-'^ + «12^-°^ +

om itting square brackets fo r  s im p lic ity .

S im ilarly ,

Qq^G + 2QggG  ̂ + Q^^P.O + ZQ^gP.G^ + Qg^P^.O + 2QggP^.G^

1 + Qoi° + ®02°^

The equations containing th e  experimental v a riab les  are derived 

as fo llo w s:-

Total PyP P. = AP + C n • ( i i )t  m p

and to ta l  cOCG Ĝ  = BP + C^n^ ( i i i )

where A and B are  functions o f pH and pK values, re la tin g  the  concentrations 

of anionic ligand  to  the  to ta l  fre e  ligand  concentrations.

I f  the  average number o f protons associated  tp  each unbound 

ligand  are n^^ and n^^ then,

"ap = K  -  P -  [ : h p ) / ( P t  -  ' (1^) '

and îîgg = (h|  -  g -  [H+]g)/(G^ -  n^C^) (v)

VJhere:- p and g are the numbers o f moles of OH** required  by each 

ligand  to  give the  experimental value of [H’*’] ,  p + g = m ;
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and are the  to ta l  molar concentrations o f PyP and oKG; h|  and

are the  to t a l  molar protons contributed  by each ligand .

M ultiplying ( iv )  and (v) together and rearranging gives,

("ap"p + "ag"g) = ("ap^t + " a g S  " 4 "  4 +  "  + M

n and n„ can be calcu la ted  as before (p 91) &nd the  fa c to r  ap ag
(n n + n n ) evaluated q u ite  e a s ily  from experimental re s u lts ,  ap p ag g
but equations ( i i ) ,  ( i i i )  and (v) do not provide s u f f ic ie n t inform ation

to  evaluate n„ and n separa te ly , and the  corresponding values of P and 
P S

G ag ainst which n^ and n^ must be p lo tte d .

A method sira ila r to  th a t  employed by Leussing (49) was th e re fo re  

used. He found the  b e s t th e o re tic a l  f i t  of an experimental potentiom etric  

t i t r a t i o n  curve by a ' l e a s t  squares' c a lcu la tio n  using an I.B .K . 709O 

computer. His experimental data  was obtained fo r a t i t r a t i o n  of H i( l l )  

and pyruvate with g lyc ina te .

Theory

In  a so lu tion  containing m etal ions, pyridoxal phosphate and 

g lu tam ate ,.

Total m etal concentration

(v i i )
+ HP" + MP^" + MG° + KG^" + MPG "̂ + MPg|** + I'lP^G^" + ^IP^G^"

where MP -  [MP"] e tc .

T otal I^P concentration

P^ = Ĥ P"̂  + H^P + H^P" + HP^“ + P^" + MP" + 2I'IP^" + MPĜ *"

+ ÎPG^" + 2IIP^G^" + ZNP^G^" + SB' * ( v i i i )
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Total glutamate concentration 

G. = H.G'’" + H,G + HG“ + G^" + KG + 2Î Ĝ “ + MFĜ *" + 2'IPG^"
t  3 , 2  a 2 2 (üO

+ l'IP^G^" + aiPgGg" + SB»

and to t a l  rep laceable hydrogen

= 3H^g‘*' + 2HgG + HG“ + 4H^P'  ̂ + 3H^P + 2Ĥ P"" + Hp2" + + OH" (x)

oh" rep resen ts  the to ta l  a lk a l i  added i n i t i a l l y  o r during the  course 

of th e  t i t r a t i o n .  H i s  the concentration of d isso c ia ted  hydrogen ions.

Using the  above d e fin itio n  o f the  o v e ra ll s ta b i l i ty  constants 

o f the  system and defin ing the  S c h iff’ s base form ation constant as

= [T o tal fre e  SB’]/P.G  (x i)

The o v e ra ll s ta b i l i ty ,  constants are  used as these are thermodynamic . 

e n t i t i e s .  The stepwise constants would be expected to  vary depending 

upon the order o f ligand  asso c ia tio n , and would a lso  contain 

s t a t i s t i c a l  d iscrepancies.

The s ta b i l i ty  constants defined above x^ould not be expected tb  

have the same valhes as those ca lcu la ted  e a r l ie r  (p 129) as the  l a t t e r  

incorporate  the pK values of tlie f re e  S ch iff’ s base and are th e re fo re  

pH dependent. The constants are  ca lcu la ted  in  terms of [P^"] and 

[g2*^ only and th e i r  values are independent o f pH, Furthermore, the 

method need draw no d is tin c tio n  between the  p o s s ib i l i t ie s  

(a ) complexing of the  already formed S c h iff ' s base 

and (b) p r io r  complexing of PyP and Glu followed by in tram olecular 

condensation.

Thus i t  i s  im m aterial whether o r not the pyridoxal phosphate and 

the  glutamate have already condensed o r w ill  subsequently do so. The
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only reason fo r  the  in troduction  of i s  to  take in to  account the  

removal o f pyridoxal phosphate and glutamate due to  the  form ation of 

f re e  S c h if f 's  base, and not as a v i t a l  p a r t of the ca lcu la tio n  (as was 

the  case in  the  previous method p 125). As a f i r s t  approximation 

could be ignored as i t  i s  not very g rea t a t  pH values below ?•

The d isso c ia tio n  constants o f glutamic acid  are given b y :-

k£ = a[G^"]/[HG-]

k^ = a[HG"]/[H2G] (x i i )

'and = a[H2G]/[H^G*^]

and those of pyridoxal phosphate b y :-

= a[Hp2-]/[H2P‘ ] .

. ( x i i i )
k j  = aCHjPl/CHjP]

and k^ = a [H g P ]/[H y ] ' '

S u b stitu tin g  equations ( i ) ,  ( x i ) ,  ( x i i )  and ( x i i i )  in to  equations 

(v i i ) - (x )  gives:

« t  = M(1 + Q^gP + QggP^ + + Q^P.G + Q^gP.O^ '

+ Qg^P% +

om itting concentration brackets and charges fo r  s im p lic ity ,

= P(1 + a/k^ + a^/k^k^ + a^/k^k^k^ + a^/k^k^k^k^) + Q^^P.G 

+ M.P(Q^q + 2Q2qP + Q^G + + 2Qg^P,G + ZQ^^P.G^)
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(xvi)

(x v ii)

= G(1 + a /k [ + a^/k^k^ + a^/kj^k^k^) + Q^^P.G

+ K.GCQq^ + EQq Ĝ + + 2Q^2^'G + Qg]^p2 + ZQ^gP^G)

= G(a/kj_ + 2a2/kj_k^ + 3a3/k£k^k^) + H* + OK"

+ P(a/k^ + Za^/k^k^ + 3 9 ?  + Aa^^/k^k^k^k^)

IVhen account has been taken of the  d ilu tio n  caused by adding v ml of 

t i t r a n t  to  100 ml of so lu tion , the  terms in  P^, G^, and decome 

loop./(100 + v) e tc . •

The procedure was to  assume values of Q ^ , Q ^ , and 0 ,^ 2  

to  ca lcu la te  a th e o re tic a l t i t r a t i o n  curve. The constants were then 

system atically  a lte re d  to  give a ' l e a s t  squares' f i t  between experimental 

and ca lcu la ted  curves. Several methods were attempted wiiich d iffe red  

in  the calcu la ted  v ariab le  used in  the le a s t  squares operation .

These were:

(a) R esiduals in  pH,

This method i s  b a s ic a lly  the  one employed by Leussing (49). ^  

so lu tio n  of pyridoxal phosphate and metal s a l t  was t i t r a t e d  with O.O5 H 

disodium glutam ate, OH" in  th e  above equations was zero throughout.

The th e o re tic a l  pH was calcu la ted  as fo llow s: -

VJhen equations (xv) and (xvi) are  rearranged in  terms of a^ and 

a^ th i s  gives,

,4arlk^^k^k^  = 100P^/(100 + v)P -  B.M -  Q̂ ^G
2/, , 2 (x v ii i )

and
-  (1 + a/k^ + a /kg^k^ + a^k^k^k^)

a3/k£k^k^ = 100 G^/(100 + v)G -  A.M 1 Qg^P

" (1 + a/kj[ + a^ /k ^k p
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where

A  =  Q g i  +  Z Q g g G  +  Q ^ P  +  Z Q ^ P . G  +  +  Z Q ^ ^ P ^ G

and B . = . 0^0 + ZQ^^P + Q^^G + ZQ^^P.G + + ZQ^^P.G^

S u b stitu ting  a? from equation (x ix) in to  ( x v i i i ) ;  a^ and a? from

equations (x v i i i )  and (x ix) in to  (x v ii)  and rearranging gave,

A 'a^ + B 'a + C* = 0 (xx)

where A' = (2G/kj_k^ -  k^[3G/k^k^k' -  P/k^k^k^] -  ZP/k^kg)

B» = (G/kj_ -  k^k^[3G/kj^k^k' -  P /k^k^kJ -  ]P/k^)

and 0» = k£k^k^(3G/k£k^k^ -  P/k^k^k^)(100G^/[ 100 + v]G -  AI-I -  Q^^P -  1)

+ 4P(100P^/[100 + v]P -  B.M -  Qĝ G -  1)

+ OH" w 100H^/(100 + v) + H'*’

Thus fo r  any given values of A*, B* and O' th e  corresponding value 

of a can be ca lcu la ted  from equation (xx) by

a = ( ^ 1 )
ZA'

(The minus sign i s  used in  equation (xxi) as th is  gives the p o s itiv e  

ro o t -  i . e .  A' tu rn s  out to  be negative).
+The constant term C  includes a term H which i s  in  fa c t  an

+experimental v a ria b le . In  p ra c tic e  H was included in  th e  B* term 

by using the re la tio n sh ip :
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(x x ii)

As i t  i s  d i f f i c u l t  to  incorporate an evaluation  of th is  in  the 

program, eqation (x x ii)  was re in ritten  as,

= Fa

where F i s  a fa c to r  g rea ter than unity  lA ich depends upon the pH.

F was evaluated a t  C'«5 pH u n it  in te rv a ls  from 2,0 to  7»5 and stored 

in  the computer. The program was designed to  l in e a r ly  in te rp o la te  

the  appropriate  value of F each time the pH was calcu la ted  from 

equation (x x i) . ,

Equations (x iv ) , (xv) and (xvi) had to  be solved fo r M, P and 0 

so th a t  corresponding values' o f these  could be su b stitu ted  in to  equation 

(xxi) to  give the  calcu la ted  pH. As each so lu tion  required  a l l  the  

values of II, P, G, v and a , i n i t i a l  guesses had to  be made fo r  those 

which were not av a ilab le  u n t i l  some l a t e r  stage in  the  program, and the 

s e t of so lu tions r e - i te ra te d  u n t i l  consecutive so lu tions d id not d if f e r  

by more than  spec ified  amounts.

These so lu tions were c a rried  out as follows : -  

Rearranging equation (xv) gave, ■ i

f(P ) = P(1 + a/k^ + a^/k^k^ + + a^/k^k^k^k^)

+ B.M.P + Qg^P.G -  .100P^/(100 + v)
(x x i i i )

f(P ) i s  zero only a t  'co rrec t*  values of P and G. These values 

were found by assuming a value fo r  G (as equation (xvi) i s  e x p lic i t  in  

G  ̂ i t  was simpler to  guess values og G and ca lcu la te  Ĝ  a f te r  so lu tion  

of th e  equations fo r  P, than vice versa) and increasing  P by f i n i t e
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steps (usually  by doubling i t s  previous value) u n t i l  f(P ) changed sign.

The 'c o r re c t ' value of P then lay  between the  l a s t  and penultim ate 

values of P. The roo t was then found to  w ithin  the requ ired  ’to lerance  

(0,2^ of P was taken fo r  th is )  by means of a Ilewton-Raphson refinement (50), 

This-refinem ent (based on T ay lo r 's  theorem) involved the  r e - i te r a t io n  

of th e  ca lcu la tio n

V l  (xxi?)

idiere P ^ ^  i s  a b e t te r  approximation to  the  tru e  ro o t than P^, and 

f '( P )  i s  the d e riv a tiv e  of f(P ) with resp ec t to  P.

i . e .  f '( P )  = (1 + a/k^ + a^/k^k^ + a^/k^k^k^ + a^/k^k^k^k^)

+ M(Q^q + AQ.^? + Qjj_G + 0^2°^ + 4Q2iP*G +

.  P .B ^ M %  + Q^^G

The procedure was, then , to  s e le c t a value of G and to  fin d  

the  appropriate  value o f P tdiich made f(P )  = 0 . The th e o re tic a l  value 

of a was then calcu la ted  from equation (xx i) and te s te d  to  see i f  i t  

was p o s itiv e . I f  i t  r̂a.s n o t, P was fu r th e r  incremented to  fin d  the 

second ro o t u n t i l  such a time as a was p o s itiv e , (In  ac tu a l f a c t ,

Descartes ru le  of signs’̂  shows th a t  th e re  i s  only one p o s itiv e  ro o t 

fo r  f(P ) when a l l  the s ta b i l i ty  constants are p o s itiv e . However, the 

program had to  be w ritten  so o ther roo ts  could be found i f  the constants 

were not p o s itiv e  because the method of curve f i t t i n g  involved 

changing the  signs of the constants to  observe the e f fe c t  on the 

re s id u a ls ) . The to ta l  concentration of glutamate Ĝ  was then evaluated
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from equation (x v i) , and the volume of t i t r a n t  (v of 0.05 M disodium 

glutamate) required to  give th a t value of was ca lcu la ted .

The experimental data  stored in  th e  computer consisted  of the 

s e t of readings of volume of t i t r a n t  ag a in st pH. From the value of v, 

ca lcu la ted  as above, the  appropriate  experimental pH was in te rp o la ted  

(by a Lagrange in te rp o la tio n  (51) using the calcu la ted  v and the 

neares t experimental v bracketed by tvjo o th ers) and the  value of

^^^calc " ^^expt^ found. The procedure was repeated fo r  about 

20 values of G and the  pH re s id u a l c a lcu la ted . The re s id u a l U i s  

defined a s : -

Ü =

The summation i s  carried  out over a l l  the  t r i a l  G values.

The method ^las to  minimise U by means of a lib ra ry  'ro u tin e ' (52)

which system atically  a lte re d  the  guessed values of Q ^ , e tc . 

Computation was designed to  cease when successive ca lcu la tio n s  of 

U did not cause any of the  constants to  be a lte re d  by more than 7$ 

of i t s  value a t  th a t  tim e.

The value of required  during execution of the program was

found by in te rp o la tio n  of experimental values of Qg^/pH. These

values were obtained as fo llow s. A graph of (from p 143, and

^  This s ta te s  th a t  the  number of p o s itiv e  ro o ts  of a polynomial w ith re a l  

c o e ff ic ie n ts  i s  equal to  the number of sign changes of th a t  polynomial.
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including a value of = 80 at pH 7*5 (53) ) against pH was plotted  

and values of were interpolated at 0 ,2  pH unit in tervals from 

pH 3.5 to 7 .6 . These values were expressed in  terms of to ta l  

pyridoxal phosphate and to ta l glutamate concentrations vjhereas was 

required in  terms of P and G ", VJhen the necessary conversion had

been carried out (by using the knoiai pK values of PyP and Glu) i t  was .

found that changed by powers of ten for each pH increment of 0 ,2 ,

As interpolation of such data might have produced spurious resu lts , 

was divided by a . Q^^/a was reasonably constant over the pH

range of in terest and so th is  was the form in  which the data was fed 

into the computer. A Lagrange interpolation (using the calculated  

pH and the three nearest stored pH values) was carried out at each 

itera tiv e  step o f the solutions described above, and.the interpolated  

value of Qg^/a3 m ultiplied by a?.
As the values of G increased uniformly the program was designed 

to use the 'correct* values of P, a, v and obtained at one G value

as in i t ia l  guesses for  the next, and to return to the values set at 

the start of the program only a fter  the la s t  G value had been used.

The computer was then ready to take the f i r s t  G value again idien U

was next calculated.

I t  was found that, during execution of the program, the iteration s  

did not produced the expected convergence to give the required resu lts , 

but diverged with increasing rapidity. The program usually faulted  

when erroneous values made certain instructions ridiculous (e .g ,  

instructions to find the square root of a number which turned out to
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be negative).

Possible reasons fo r  the divergence a re :

( i )  a , as ca lcu la ted  from equation (x x i) , i s  sen s itiv e  to  only 

. . the f i r s t  power of G^, whereas G^, as calcu la ted  from

equation (x v i) , i s  sen s itiv e  to  powers of a up to  3* Thus . 

any e rro r  in  a produces a la rg e r  e rro r  in  G  ̂ which in  tu rn  

produces an even la rg e r  one in  a .

( i i )  The region o f the e^rperimental curve n ecessa rily  used in  the 

determ ination of the constants occurred in  the  pH range 

where the teim s a^/k^k^ and a^/kj^k^k^ in  equation (xvi) 

are more im portant than the terms 1 and a/kj^. This 

accentuated the dependence of G. on a .

Leussing (49) vjorked irdth a system in  %Aich the  h ig h est powers 

of a encountered were squared term s. He also  worked in  a pH range 

where, presumably, these squared terms were of l i t t l e  importance and 

thus avoided the  d i f f ic u l t ie s  experienced here .

(b) Residuals in  volume of t i t r a n t .

Obviously any method vihich depends upon the  evaluation  of pH 

w il l  not converge. In  th is  method the  pH was fix ed  a t  an experimental 

value and the th e o re tic a l volume of 0,05 H disodium glutamate 

requ ired  to  give th i s  pH was ca lcu la ted .

The mdthod of finding  the  requ ired  value of P was the  same as 

in  (a) above, G, however, was evaluated e x p lic it ly  fo r  each t r i a l  P 

by rearranging equation (x v ii ) :  '
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G =
100H^/(100 + v) -  h"** -  P(a/k^ + Z a^/k^kg ............... /la^/k^k^k^^) (xxv)

a /k [ + 2a2/k£k^ + ^a^/kj^k^k*
3 ■

M was evaluated from equation (x iv) and the  re su ltin g  values 

su b stitu ted  in to  equation (x v i) . The volume v was then calcu la ted  

as

V = 100G^/(0.05 -  G^)

The whole operation  was repeated u n t i l  successive i te ra t io n s  

produced changes in  v of no g rea te r than  0.01 ml. P was incremented 

as before and the idiole operation  repeated u n t i l  f(P ) became zero. 

(In  the f in a l  stages P was a lte re d  by the  He-wton-Raphson method 

described above).

The summation

^ /  (^calc " ^expt^
a l l  expt 
pH values

was ca rried  out and U minimised by means of the  l ib r a ry  rou tine ;

I t  was found in  p ra c tice  th a t  the  evaluation  of U took so long 

th a t  i t  could noj: be perfoimed the  number of times necessary (12 times 

in  th is  case) fo r  one complete cycle of the  l ib ra ry  ro u tin e  in  the 

time requested (about 50 seconds). As only one i te r a t io n  of the 

s ta b i l i ty  constants takes p lace per cycle of the l ib ra ry  ro u tin e , i t  

would obviously be very expensive in  computer t in e  to  carry  ou t the
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estim ated number o f cycles necessary (about 10), ■ However, the

program was of use, in  the absence of the  l ib ra ry  ro u tin e , to  study

the e f fe c t  of v a r ia tio n  of the values of the s ta b i l i ty  constants on

the computed volume of t i t r a n t .

Seven experimental po in ts  were talcen from the t i t r a t i o n  of

C u(ll) and pyridoxal phosphate with disodium glutam ate, and the volume

of t i t r a n t  was ca lcu la ted  a t  each fo r  severa l values o f the  four constants

Qp^, The calcu la ted  and experimental volumes are compared in  Table 20,
2

The constants were increased in  tu rn  by a fa c to r  of 10 vrithin 

the l im its  of 10̂ *̂  to  10^7 fo r  and and 10^° to  10^° fo r  

and Q22*

The time talcen to  evaluate these  re s u l ts  was reduced to  a f i f t h  

by rearranging equation (xv) e x p lic it ly  in  terms of P ; -

lOOP./(lOO + v) -  Q , -  B.M
p =  ^

1 + a/k^ + a /k^k^ + a- /̂k^k^k  ̂ + a^/k^k^kÿc^

This meant th a t  th e  increm ental increase  of P  and the Hewton-Raphson 

refinem ent could be om itted. G was calcu la ted  from equatiôn (xxv);

G ^  from (x v i) ; v  from (xxvi) and P  from (x x v ii) . The procedure was 

repeated u n t i l  v  changed by le s s  than  0.01 ml between successive 

i te r a t io n s ,  ^

R esults ca lcu la ted  in  th i s  way agreed exactly  w ith those shoim 

in  Table 20,
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Table 20

^12

'21

'22

V

Expt 10^? 10^9

Calculated

loZ i

V ml 

10^3 10^^ 10^?

2.91 1.43 1.39 7.63 13.57 13.69 13.69

6.78 3.43 . 8.08 15.30 15.30 15.31 15.31

9.79 16.38 19.99 20.07 • 20.07 20.07 20.07

12.12 22.39 23.05 23.06 23.07 23.07 23.07

6.78 3.43 3.43 3.43 3.43 3.43 3.83

9.79 16.37 16.37 16.38 16.46 20.71 24.92

12.12 22.39 '22.39 22.39 22.78 27.32 27.98

15.85 26.71 26.71 26.73 28.37 31.53 31.68

19.90 29.43 29.43 29.53 32.80 3 4 .3 1 . 34.33

26.10 34.17 34.18 35.02 38.81 39.04 39.04

10^ lo22 10=4 1 0 ^ 10^^ 1 0 ^

6.78 3.43 3.43 3.43 3.43 4.37 15.02

9.79' 16.38 16.38 16.38 19.91 24.65 25.82

12.12 22.44 22.44 22.93 27.41 29.28 29.26

15.85 26.71 26.71 29.67 32.73 33.01 33.04

19.90 29.42 29.42 33.35 34.23 34.25 34.26

26.10 34.17 34.17 34.91 34.92 34. 9} 34.94

15.85 26.71 • 26.71 26.71 26.71 26.79 30.65

26,10 34.18 34.18 34.19 35.50 39.35 39.89
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The re s u lts  in  Table 20 show th a t ,  fo r  experimental volumes 

g rea te r than 6.78 ml, the  sm allest calcu la ted  volumes are 

( i )  independent o f the  values of any of the constan ts; 

and . ( i i )  co n sis ten tly  much la rg e r  than the  experimental values.

The independence of the  minimum values o f v on the  values of the 

constants means th a t  v ^ ^  i s  a function  only of the  s ta b i l i ty  constants 

of the  simple complexes of pyridoxal phosphate and glutamate ifith  G u (ll) , 

The fa c t  th a t  v ^ ^  i s  s t i l l  too la rg e , even vrithout mixed complex 

form ation, in d ica te s  th a t  the o r ig in a l equations cannot fu l ly  describe 

the system.

The experimental t i t r a t i o n  curves fo r  C u(ll) and K i( l l )  with 

pyridoxal phosphate are  shown in  Fig 59*

As the  pH of these so lu tions only rose to  about 7«5 a f te r  ca. 30 ml 

of t i t r a n t  (0.05 M Na^Glu) had been added, the b u ffe r ac tion  of the  

excess glutamate (p resen t in  excess of a 1:2 m eta l: glutamate ra t io  

a f te r  only 10 ml of t i t r a n t  had been added) influenced the  pH of the 

so lu tion  more than was d esirab le  in  the  range where h igher complexes 

would be formed. This led  to  the  th ird  method attem pted.

(c ) T itra tio n  of m etal, pyridoxal phosphate and glutamate with 

standard a lk a l i .

50 ml of 0.01 M pyridoxal phosphate, 10 ml of M KCl, 5.0 ml 

o f 0.05 M CuSO^, 10 ml of 0.05 M mono sodium glutamate and 10 ml of 

0.100 N HCl were p ip e tted  in to  the t i t r a t i o n  apparatus described 

e a r l ie r  (p 99) and the volume made up to  100 ml w ith CO^- free  d is t i l l e d  

w ater. The so lu tion  was t i t r a t e d  with 0.100 H sodium hydroxide. The
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t i t r a t i o n  was repeated w ith ^,102 M KiSO^. These t i t r a t i o n  curves

are shown in  Fig 60 along with the curve produced in  the absence of 

any m etal.

T itra tio n  of 2:1 PyP:M(ll) xfith 0,05 M Na^Glu

(a) C u(ll)

(b) K i( l l )

Volume of 0.05 M Ka«Glu
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Fig 60

T itra tio n  of PyP and Glu with 0 .1  N NaOH

(a) in  the absence of metal

(b) in  the presence of C u(ll)

(c) in  the  presence of N i( ll )

Volume o f 0 .1  N'NaOH ml.
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The program fo r  the  treatm ent of th i s  experimental data was 

i n i t i a l l y  designed to  ca lcu la te  the volume of t i t r a n t  required to  give 

the  experimental pH. However, i te r a t iv e  so lu tions of th e  e x p lic i t  

equations in  P, G and v ( i . e .  a rap id  method of computation sim ila r to  

th a t  discussed above) did not converge. Tlie problem was overcome by 

keeping both the  experimental pH and the volume fixed  and ca lcu la tin g  

the  th e o re tic a l volume of 0.05 M glutamate (ca lcu la ted  as Ha^Glu) 

required  to  give those conditions. This volume was compared with the  

ac tu a l of glutamate used (10 ml) and the d ifference  taken as a measure 

o f th e  accuracy of the  estim ated s ta b i l i ty  constan ts. The process 

was repeated fo r  several eiperim ental pH/volume readings.

This method i s  th e n ,id e n tic a l  to  th e  second method of sec tion  (b) 

above except th a t  th e  to ta l  concentration  of hydrogen ions H  ̂ has 

d if fe re n t values a t  each experimental pH, G i s  then  evaluated from 

a m odification of equation (xxv):-

(lOOH  ̂ -  0 .IV )/(100 + V) -   4a^/k^kgk^k^)

a/kj_ + 2a^/kj_k^ + 3a^/k^kÿc'

Here V i s  the  experimental volume of OH**,-

The th e o re tic a l volume v of glutamate i s  calcu la ted  from equation (xxvi),

P from equation (xxv ii) and the  concentration of f re e  m etal ions Ii from 

equation (x iv ).

The re s u lts  of these ca lcu la tio n s  fo r  the G u(ll) system are shoim 

in  Table 21. The s ta b i l i ty  constants were varied  as fo llow s:-

Q-,1 in  steps of 10 from 10 "̂  ̂ to  10^* ;̂ in  steps of 10 from 10^^ to  10^^;
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Table 21

V S ta b ility  Constants (expressed as lo g s )  v

•*̂ 11 ^12 ^21 ^22

2.1CT , 17 22 25 25 5.47

7.50 17 22 25 25 5.39

12.28 17 22 25 25 ' 7.38

18 ' 8.37

19 ; 13.71

20 19.12

17 22 27 25 7.55

29 14.72

. 31 24.68

13.90 17 22 25 25 12.00

18 17.90

19 20.70

20 21.15

17 22 27 25 .19.10

29 26.54

31 28.45

19.91  17 22 25 25 25.72

18 24.54

19 22.08

20 19.44

19 24 27 25 25.53

29 . 25.79

31 25.81
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^ %  ^12 ^21 ^22
19.91 20 22 27 25 19.45

23 24.43

24 ' 24.47

.  . 23 24.38

27.12 17 22 25 25 12.22

18 11.89

17 23 25 25 12.31

24 • 12.82

25 ' 14.03

Q22 steps of 10^ from 10^^ to  10^^ and Q̂ 2 in  s teps of 10"̂  from 10^^
29to  10 Only those v a ria tio n s  of the  s ta b i l i ty  constants which caused 

a change in  v are shorn in  the above ta b le .

Apart from those re s u lts  corresponding to  low experimental pH 

values, the  calcu la ted  volumes of glutamate are w ell above the  required 

value of 10 ml. The discrepancy i s  g re a te s t in  the middle of the"pH 

range. Obviously no s ing le  s e t  of values fo r  the  s ta b i l i ty  constants 

w ill  f i t  a l l  the  experimental p o in ts  equally w ell. This supports 

the suggestion made e a r l ie r  th a t  o ther e q u ilib r ia  th a t  are not accounted 

fo r  in  the theory so f a r  must be p resen t in  the  system.

An in d ica tio n  of the  nature of these  o ther e q u ilib r ia  i s  given on 

p 116- 122. The values of the s ta b i l i ty  constants of pyridoxamine 

phosphate and m etal ions were found to  be a ffec ted  by the degree of 

pro tonation  of the  complexes formed. As the  complexes o f S c h if f 's  bases 

fo m  a t  a much lower pH than the complexes of th e i r  co n stitu en ts  (Fig 60),
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i t  may be expected t;. . t h e  e ffe c ts  of such a p ro tonation  irauld be much 

more im portant.

In  order to  co'" ' -nsate fo r  these e ffe c ts , the d isso c ia tio n  constants 

of the  various pc j complexes are requ ired . As a f i r s t  approximation 

the  pK values of th  ■ omplexes were assumed to  be the same as the 

unco-ordinating groups in  the fre e  ligand . ( I t  was a lso  necessary to  , 

assume th a t  the  m etal co-ordinated to  the imine notrogen and to  the  

phenolic oxygen, -  see In tro d u c tio n ). I t  has been shorn by several 

authors (see In troduction) th a t  the  pK of the  ring  n itrogen  does not 

remain unaltered  in  the complexes o f S c h if f 's  bases, but i s  decreased 

by amounts depending upon the  metal involved. The program was w ritten  

to  allow fo r  v a ria tio n  of ■‘th is  pK to  study the e f fe c t  on th e  'b e s t ' s e t 

of constan ts . P rotonation of the  simple complexes was ignored.

The co rrec tio n  fo r  p ro tonation  of th e  various complexes was carried  

out by m ultip ly ing each term in  equations (v i i )  to  ( ix )  th a t  re fe rs  to  

a mixed complex, by a fa c to r  xdiich depends upon th e  the  number of 

d isso c iab le  groups of th a t  complex and the  pK values of these groups.

These fa c to rs  were designated the symbols W(10) to  W(12) fo r  the terms 

MPĜ **, KPgI*", MP2G^" and îiP^G^" re sp ec tiv e ly . Each fa c to r  i s  then the 

ra t io  between the  to t a l  concentration of a mixed species and the concentra, 

t io n  of i t s  anion.

Equation (x) had also  to  be a lte red  to  take in to  account the  

number of protons associated  to  each mixed species. The symbols 

W(l6) to  W(19) were used fo r  th i s  purpose. Then:-
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W(1Û) = 1 + a/k,. '• a^/k^k^ + a^/k^k^k^ + a^^/k^k^k^k^

W (ll) = 1 + a /k . 4- a^/k^k^ + a^/k^k^k^ + a^^/k^k^k^^ + a^/k^k^k^^^

+ a^/k^kgk^^k^^

W(12) , = 1 + a /k j  + a^/k^ + a^/k^k^ + a^/k^k^ + a^/k^k^k^' + a ^ /k ^ ^ ^ k '

W(13) = 1 + a/k^ + a^/k^ + a^/k^k^ + a^/k^k^ + a^/k^k|k^

+ a ^ /k ^ ^ ^ ^  + a"^ /k^^^^k^ + a^/k^k^^^k^^

and

W(l6) = a/k^ + 2a^/k^k^ + 2>  ̂ + ^a^/k^k^k^k^

¥(17) = a/k^ + 2a^/k_k2 '+ Sa^/k^k^k^ + Aa^/k^k^k^^ + ^a^/k^kgk^^^

+ 6a^/k_kgk^^ '^

W(18) = a /k j + 2a^/k^ + 3a^/k^kg + ja^/k^k^ + 5a^/k^k|k^ + éa^/k^k^k^k^

¥(19) = a /k j  + 2a^/k^ + 3&^/k^2 + 4 a^ /k ^ 2  + 3 & ^ /k ^ ^ ^  + éa^/k^k^k^^

+ 7 a ^ /k ^ 2 ^ ^ \^  + Sa^/k^k^k^^^^

In  the  above equations k^ has been su b stitu ted  fo r  the d isso c ia tio n

constant of the ring  nitrogen  (previously k^ -  see p 149). Terms which

include the d isso c ia tio n  constant of the  primary phosphate, k ., have
4

been omitted as these should be small compared e ith  the  o ther.term s 

in  the  pH range where p ro tonation  of the complexes i s  im portant. 

Furthermore, the inc lusion  of k^ would have caused terms in  a^^ to  

appear in  the ca lcu la tio n . This means th a t  a t  a pH value o f 10 the
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magnitude of these terms would have approached th e  'overflow ' value 

of the  computer c e l ls  o f about 10

Including the fa c to rs  W(l6 ) to  W(19) in  the equation fo r (x) gives:

G(a/k£ + Za^/k^k^ + 3a^/kj^k^k') + + OH" + Q^W(l6 )P.G

+ Q^W(17)P.G^ + Q2iW(l8)P^G + Q22 '̂Kl9)P^G^

+P(a/k^ + Za^/k^k^ + ^a^/k^k^k^ + Aa'^/k^k^k^k^)

The value of k^ -̂ ^̂ s i n i t i a l l y  taken as th a t  of the  d isso c ia tio n  

constant of the  rin g  n itrogen  in  pyridoxal phosphate (pK = S. 69 -  see p I 06). 

The values of the  s ta b i l i ty  constants were varied between wide 

lim its  and the  e ffe c t on the calcu la ted  volume of glutamate observed.

A se lec tio n  of these re s u lts  i s  shoT-m in  Table 22 fo r  the  system 

Cu(11)/pyridoxal phosphate/glutam ate, and in  Table 23 fo r the system 

H i(ll)/p y rid o x a l phosphate/glutam ate. Q̂ 2 has been om itted as i t  was 

found to  have no e ffe c t on the  computed volume a t  any experimental 

p o in t. Q̂ 2 Is  included although i t  had only a lim ited  e ffe c t on v.

The re s u lts  fo r  the  G u(ll) system are co n sis ten tly  low and th is  

made i t  d i f f i c u l t  to  pick out th e  'b e s t ' s e t of constan ts. The re s u lts  

do, however, show th a t  the  most im portant species in  so lu tion  are 

those of CuPG and CuP^G. The r e s u lts  fo r  the  H i( ll )  system show th a t  

there  e x is t  values of the constants fo r  which the  calcu la ted  volumes 

are g rea te r than 10 ml (as would be expected i f  the  guessed values of 

the constants were too sm all). By picking out a l l  the  values of the 

constants which gave values o f v as near 10 ml as p ossib le , i t  was 

found th a t  the most co n sis ten t se t of re s u lts  fo r  a l l  the  experimental
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Table 22

V

2.10

7.50

1 2 . 2 8

I / ) S Q p g p k ^ =  8 .69 3..6

^11 ^12 ^21 V V

6 6 6 5 .47 3.47

8 5 .47 3.47

10 5.00 3.47

12 0 . 5 3 3 .43

6 6 9 5.47 3.47

12 ■. 3 .46 3.47

15 1 . 7 9 3 .47

6 6 6 3.39 3.39

8 •' 3 .34 3.39

10 2 .88 3.38

12 0 .07 5 .0 2

6 6 9 3.39 3.39

1 2 5.10 3 .39

15 0 .0 9 3 .39

6 6  ■ 6 7 . 2 2 7 . 2 6

8 4 .3 3 7 , 2 6

1 0 0 . 1 2 6 .9 1

1 2 0 . 0 1 1 .17

6 . • 6 9 7 . 0 6 7 . 2 6

1 2 0 .27 7 . 2 6

15 0 . 0 0 7 .14
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V

13.90

19.91

27.12

pk^ = 8.69 5.6

Q ll ^12 ^21 V V

6 6 6 8.52 8.70

8 2.75 8.68

10 0.05 7.39

12 0.00 0.45

6 6 ' 9 7.66 8.70

12 0.07 8.70

15 0.00 8.05

6 6 ■ 6 7.40 12.65

8 0.58 11.70

10 • ^ 0.01 3.03

6 • 10 6 7.40 12.65

12 6.97 12.65

6 6 9 3.54 12.65

12 0.01 12.59

15 0.00 4:21

6 6 6 2.92 13.27

8 0.03

6 8 6' 2.84 13.21

10 2.84 11.24

12 ’ 1.50

6 6 9 1.95 11.29

12 0.00 2.87
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V

5.42

10.88

16.82

23.97

^11

4

6

8

10

6

10

6

^12

4

Table 23

^21

4

10

7

10
13

4

7

10

13

4

7

10
4

11.91

11.90 

11.25

1.66

11.91 

11.80

1.04

10.12

10.03

5.16

0.11

10.02

7.03 

0.03

7.46 

5.68  

0.22  

5.59 

0.28

11.56

1.03 

11.55 

11.11

5.46
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V Q12 ^21 V

23.97 4 4 7 5.27

10 0.03

28.50 4 4 4 9.96

6 9.89

8 8.43

4 .4 7 . 7.61

10 0.19

po in ts  was = 10^ t  10 and Q̂-ĵ  = "10^ t  10, The only value
3th a t  could be assigned to  ^  10 . This was because the

in s e n s i t iv i ty  to  o f the  computed volume prevented the comparison 

of the  e ffe c ts  of varying severa l experimental p o in ts .

In  order to  see i f  the  low re s u lts  fo r  the  C u(ll) system were 

caused by the  assumption th a t  the  pK of the rin g  n itrogen  remained 

constant during ch e la tion , the  e ffe c t of p u ttin g  pk^ = 5*6 was observed. 

(This i s  the  value obtained by Davies ( 36) fo r  the  copper pyridoxylidene- 

va line  system). The re s u l ts  are shovm in  the  l a s t  column of Table 22. 

They in d ica te  th a t  the  most su itab le  constan ts have a much higher 

average value than when k^ i s  assumed to  be unaffected  by ch ela tio n .

The re s h its  a t  higher pH values ( i . e .  higher values of V in  Table 22) - 

a re a lso  more sa tis fa c to ry  in  th a t  v can have values g rea te r than 10 ml 

(e .g . when the  constants are too sm all). However, the  re s u lts  are 

not co n sis ten t enough throughout the range fo r  an estim ate o f the  'b e s t ' 

s e t o f constants to  be made.
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This method of determining mixed s ta b i l i ty  constan ts was adapted 

fo r  the  system K(1 1 )/pyridoxamine phosphate /aketog ln tarate . The 

adaptation  consisted  simply of a lte r in g  the  pK values of the respective  

ligands and the order in  which they appeared in  various p a rts  o f the  

program. Although th e  adaptation  was q u ite  simple, i t  was found th a t 

computation time was increased about 10-fold  and th a t  the computed 

volumes became negative a t  high pH values.

A se lec tio n  of these  re s u lts  are shot-m in  Table 24 fo r  the C u(ll) 

and N i( l l )  systems. The t i t r a t i o n  curves are shovm in  Fig 6I .

Table 24

 ̂ S jL 1̂2 2̂1 TT
C u(ll)

7.23 6 6 6 9.37

8 9,12

10 2.47 ^ I

8 8 6 9.12

10 9.00

12 . 5.15

12.29 6 6 6 6.28

8 4,61

10 0.17

6 8 6 6.28

8 4.61

10 0.17

6 8 6 6.28  '
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 ̂ 1̂1 1̂2 2̂1 TT

12.29 6 10 6 5.77

12 1.75

■ 18.27 6 6 6 -10.53

N i( ll )

7.51 6 6 ' 6 11.12

8 10.46

10 1.52

6 8 6 11.11

10. 10.72

12 4.31

13.95 6 6 6 ■ 10.69

8 1.92

6 8 6 10.51

10 5.62

12 ‘ 0,79

6 6 9  10.69 ■

12 10.68

15 6.69

6 6 6 - 1.76

These re s u lts  show th a t  the constant I s  more important 

in  th e  PamP.<iKG than  in  the  PyP-Glu system.

-  174 -



T itra tio n  of 0 . j  of PamP, 0 .5  ml'I of aKG and 0.25 mM of M (ll)

with 0 .1  N NaOH■10
(a ) Cu(H) (b) H i( ll ) (c ) Co(H)

Volume of 0 .1  N NaOH ml
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Discussion

The complexity o f the  equations describ ing co-ord inating  systems 

which contain more than one lig an d , male es i t  un like ly  th a t  evaluation 

of th e  s ta b i l i ty  constants could be ca rried  out by conventional means.

As no rigorous method e x is ts  fo r  the so lu tion  of equations o f higher 

order than 4 ( i . e .  a q u a rtic  equation), i te r a t iv e  procedures, s im ila r 

to  those developed here , must be employed. These methods requ ire  so 

much ca lcu la tio n  th a t th e i r  ap p lica tio n  would be unthinkable w ithout the 

use of a high speed computer. Even so, l i t t l e  i s  known about the 

behaviour of n on -linear equations when subjected to  r e - i te r a t iv e  

so lu tio n . The so lu tions can e ith e r

( i )  converge on the ’c o rre c t ' o r ’ in c o rre c t’ ro o t;

( i i )  diverge; 

o r ( i i i )  o s c i l la te  around a continuous path .

As a chemical system i s  reproduceable merely by mixing th e  game 

re ac tan ts  in  the  same concentrations, i t  i s  expected th a t  a unique 

so lu tion  e x is ts  fo r  the  equations describ ing  th a t  system. Consequently, 

i f  the  i te ra t io n s  converge, as in  ( i )  above, the  re su ltin g  so lu tion  

must be the  co rrec t one.

In  order to  fin d  the  b e s t s e t of constants to  f i t  th i s  so lu tion  

a t  a l l  experimental po in ts  an op tim isation  method i s  d e s irab le . The 

t r i a l  and e rro r method used to  evaluate th e  re s u lts  in  Tables 20-24 

can only give an in d ica tio n  o f the  order o f magnitude of the  required 

constants i f ,  as occurs here , th e re  i s  some v a ria tio n  in  the calcu la ted  

volumes over the  experimental range. However, the op tim isation  method
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discussed e a r l ie r  (p 154) changed the  signs of th e  constants in  order 

to  observe the  e ffe c t on th e  ’le a s t  squares’ f i t .  This technique 

enabled la rg e r  steps in  the  r ig h t  d ire c tio n  to  be taken than would otherwise 

have been p o ssib le . However, by changing the signs, the equations 

no longer rep resen t a physical system, and, as Descartes ru le  (p 154) 

s ta te s ,  more than one su itab le  so lu tion  i s  p o ssib le .

The f i r s t  method to  be developed in  (b) above (p 157) was designed 

to  t e s t  each ro o t to  see i f  i t  was acceptable ( i . e .  to  see i f  i t  was 

p o s itiv e  and re su lted  in  a l l  the  ca lcu la ted  experimental parameters 

being p o s it iv e ) . I f  i t  was n o t, the  v a riab le  P was incremented u n t i l  

the  co rrec t ro o t was found. Consequently, an op tim isa tion  based on 

th is  method would be expected to  work because in c o rre c t so lu tions are 

ignored. The disadvantage of the  method i s  th a t  a g rea t deal of 

computer time i s  requ ired .

The second method, developed in  (b) and (c) above, re l ie d  upon 

the  fa c t  th a t  th e re  e x is ts  only one so lu tion  o f the  e x p lic it ly  s ta ted  

equations i^hich describe the system. This method worked adequately ’ 

on i t s  own and was rapid  enough to  be used with the optim isation  

’ro u tin e ’ , bu t as the  rou tine  changed the signs of the constants and 

thereby produced more ro o ts , the  ac tu a l so lu tions found are those 

w ith values n eares t to  the numbers already contained in  the  computer 

c e l l s  from previous c a lcu la tio n s . Tests could be devised to  see i f  

the  so lu tions were v a lid , bu t these te s t s  would b e .ù se le ss  on th e ir  

own. Inform ation i s  a lso  required on where to  look fo r  the  co rrec t 

ro o t should the  ca lcu la ted  ro o t be in c o rre c t. This inform ation can
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be provided by the  d e riv a tiv es  of the  parameter being calcu la ted  

( in  th is  case v) with resp ec t to  each of the constants requ ired . A 

l ib r a ry  ro u tin e  i s  av a ilab le  ( 52) fo r  such an op tim isation  which 

u t i l i s e s  these d e riv a tiv e s .

Attempts to  d if fe re n tia te  v were unsuccessful because of the 

mathematical com plications involved.

Conclusions

The re s u l ts  shovm in  Tables 31-23» although inconclusive, do 

in d ica te  th a t the  presence of s ig n if ic a n t concentrations of the  species 

i s  u n lik e ly . They also in d ica te  th a t  the  species IIPGg e x is ts  

bu t th a t  i t s  presence i s  not vey im portant in  so lu tions of 1 :1 

glutam ate:pyridoxal phosphate r a t io  (th e  r a t io  in  the  so lu tions t i t r a t e d ) .  

The presence of th e  l a t t e r  species was postu la ted  q a r l ie r  (p 136-7) 

when so lu tions containing an excess o f glutamate were being in v estig a ted .

I t  would be expected th a t th e  Diost im portant species in  so lu tion  

are those whose s ta b i l i ty  constants cause the g re a te s t v a ria tio n  

in  V (Tables 20-4) near th e  value o f v = 10. These are  MPG and, 

more su rp ris in g ly , I-IP̂ G.

The programs used in  th is  work appear in  Appendix V.
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General D iscussion and Conclusion.

C u(ll) ions have been found to  ca ta ly se  strongly  the transam ination 

of pyridoxamine phosphate and a -k e to g lu ta rio  acid . With reactan t 

concentrations of 0 ,3  ml̂  pyridoxamine phosphate, 16 a -k e to g lu ta ric  

acid and 0 .6  raI4 C u (ll) the  equilibrium  was in  favour of almost complete 

conversion to  pyridoxal phosphate and glutamate. Transamination of 

pyridoxamine phosphate in  the presence of o ther metal ions (K i( l l ) ,  C o(ll) 

ans Z n (ll)  ) was found to  take place too slowly to  be measured accurately  

by the  methods employed (p 62) and the e q u ilib r ia  were very unfavourable 

to  reac tio n  products. As the ra te  of the reverse  reactions ( i . e .

+ Glu ^  PamP + aKG) was almost constant (to  w ith in  a fa c to r  of 3 - 

see Table 3 P 47) a t a given pH, the  p o s itio n  of the equilibrium  must be 

decided by the  fa c to rs  influencing  the  ra te  of PamP-aKG transam ination. 

According to  the p rincip le , of microscopic r e v e r s ib i l i ty ,  k in e tic  fa c to rs  

would be expected to have s im ila r in fluences on both the  forward and 

reverse reac tio n s . Consequently, the  flu c tu a tio n  of the  equilibrium  

poin t must be caused by thermodynamic e f fe c ts . These include the 

s t a b i l i t i e s  of the  i n i t i a l l y  formed complexes; the  pK values of the 

ligands; and the  equilibrium  constants of S c h iff’s base form ation.

Because of the  s tru c tu ra l  s im ila r i t ie s  of aldimine and ketimine 

S c h iff’s bases, i t  i s  unlilcely th a t  the s ta b i l i ty  constants of MSB' and 

MSB" are s ig n if ic a n tly  d if fe re n t. .However, examination of the t i t r a t i o n  

curves on p 162 shows th a t even a t  pH 2.2 th e re  i s  appreciable formation 

of CuSB'; much more so than with GuSB", The d ifference  i s  even more 

no ticeab le  with H i( l l ) .  The t i t r a t i o n  curve o f Cu(ll)/PamP/aKG (Fig 6 l)
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deviates appreciably from th a t of PamP/aKG alone a t  about pH 3.6, 

whereas with Ki(ll)/PaniP/aKG the pH is  in  the  region of 6, This 

in d ica te s  th a t  the  main influence on the concentration of the reac tiv e  

complex i s  the very high pK value fo r the  amine n itrogen  in  pyridoxamine 

phosphate (p 106). Metals o ther than copper cannot e ffe c tiv e ly  compete 

with the,hydrogen ion fo r the ligand anion.

I f  i t  i s  assumed th a t the pH/rate p ro f ile s  of both transam ination 

reac tio n s  in  the presence of any m etal a re  s im ila r in  charac te r to  those 

fo r  G u(ll) (see Figs 2 and 23), then s ig n if ic a n t concentrations o f MSB* 

fo r G u (ll) , l 'I i ( l l ) ,  Go(11) and Z n ( ll) ;  and of MSB" fo r  C u (ll) , can be 

formed a t  pH values a t which an appreciable ra te  of transam ination i s  

p o ssib le . However, fo r  the complexes MSB" fo r  H i( l l)  and C o (ll) , the • 

pH values above which s ig n ific a n t concentrations of complex are formed, 

are above the r a te  maximum in  F ig , 23. Gonsequently, the  ra te s  of 

transam ination of pyridoxamine phosphate and a -k e to g lu ta ra te  in  the 

presence of H i( l l )  and Go(11) w ill  always be low.

I t  was found th a t  transam ination of pyridoxal phosphate and 

glutamate was slower in  the presence of m etal ions i f  account i s  taken 

of the  low concentration of f re e  SB' in  aqueous so lu tio n , Ho sim ila r 

treatm ent can be applied to  the  reac tio n  o f pyridoxamine phosphate and 

ak e to g lu ta ra te  as the  equilibrium  constant and re a c t iv i ty  of the free  

S c h if f 's  base (SB") are unlmomi. On th is  b a s is  i t  i s  d i f f i c u l t  to  say 

whether metal ions ca ta ly se  the  ac tu a l p ro trop ic  s h i f t  in  ketimine 

S c h if f 's  bases (SB") o r whether, as seems to  be the case with aldimine 

S c h if f 's  bases (SB '), the  fre e  S c h if f 's  base would be more reac tiv e  i f  

i t  were formed in  s u ff ic ie n t concentra tion .
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Aonendix I

Preparation of th e  Complexes from C u ( ll ) ,  f i/rid o x a l Fhosiohate end 

Sodium Glutamate; and from C u ( ll ) ,  P^/ridoxamine Phosphate and

g-Xeto u lu ta r a te .

1.235 S of pyridoxal phosphate and O.85O g of sodium glutamate 

(equimolar amounts) were dissolved in  the  minimum volume of w ater.

Solid sodium bicarbonate was added u n t i l  no fu rth e r effervescence took 

p lace. The mixture was then added to  an eq u iliv a len t weight (O.998 g) 

of copper ace ta te  dissolved in  a minimum volume of w ater. The re su ltin g  

mixture was cooled in  ic e . The green p re c ip ita te  which formed almost 

was f i l te r e d  o ff a t the pump. Further y ie ld s  were obtained by tre a tin g  

the f i l t r a t e  with methyl alcohol, and subsequently a th ird  y ie ld  was 

obtained with e th e r. (However, th is  th ird  y ie ld  tended to  become ta r ry  

when separated from the mother liq u o r and was d iscarded .)

The p re c ip ita te s  were washed with methyl alcohol and dried in  

vaccuo. R ec ry s ta llisa tio n  from water was not possib le  because of the 

so lu b ili ty  of the complex. The to ta l  y ie ld  was 0,67 g.

Analysis of the dehydrated complex (by Bernhardt (54) ) gave the re s u lts  

shovm in  Table 25.

Table 25 

0 ■ H II

Bernhardt 32,24 3.10 5 . 27^

Theoretical fo r  Diag. 1 31.34 2 .6 l 6.09^
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The data from Bernhardt was used to  ca lcu la te  the  percentage of 

water in  the hydrated comple::. The e>:perimental value is  8 ,l6 ^  compared 

vd.th the th e o re tic a l value fo r  2 moles of water of 7 . 42^.

(0112)2“  CÔ Ha

OHa
I

0 = P - 0 —CĤ  
OHa

(1)

The complex of C u (ll) , pyridoxamine phosphate and a -k e to g lu ta ra te  

was prepared in  a s im ila r manner. 5 siM of copper ace ta te  were dissolved 

in  a minimum volume of warm vjater. To th i s  so lu tion  was added 5 

of pyridoxamine phosphate hydrochloride and 5 of a -k e to g lu ta ra te  

followed by s u ff ic ie n t sodium bicarbonate to  n e u tra lise  a l l  the  acid ic  

protons. The so lu tion  was then l e f t  a t  fo r  about 3 hours a f te r  

which time a s l ig h t gelatinous p re c ip ita te  had appeared. The je l ly  was 

f i l t e r e d  o ff  and discarded. Methyl alcohol was added to  the  f i l t r a t e  

whereupon a flo ccu len t green p re c ip ita te  was formed. This was f i l te r e d  

of a t  the pump, washed with methyl alcohol and dried  in  vaccuo. The 

y ie ld  was about 2 g.

Analysis gave the re s u lts  shoxm in  Table 26.

Bernhardt

T heoretical fo r  Diag 1

Table 26 . 
C

32.62

31.34

H
3.56

2.61

6 .12#
6 . 0 9 #
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The th e o re tic a l re s u lts  are based on the  same em pirical formula 

as Diag. 1 above. Tlie percentage of water in  the hydrated complex 

was 7 . 27^ compared id.th a th e o re tic a l value of 7 . 42^ fo r  2 moles of 

w ater.

2.48 mg of each of the above complexes was weighed out and 

dissolved in  25 ml of ace ta te  b u ffe r. The spectrum of the  re su ltin g  

so lu tion  (0 .2  mK -  based on a molecular weight of 496.5 from Diag l )  

was recorded immediately and a t approximately 8 hour in te rv a ls  fo r  

two days. These spectra  were compared w ith spectra  of so lu tions which 

were 0 ,2  mil in  each of the  re ac tan ts  C u (ll) , pyridoxal phosphate 

' and glutasiate; and C u (ll) , pyridoxamine phosphate and a -k e to g lu ta ra te . 

The spectra  of the  reac tio n  m ixtures are shovm in  Fig 62.

Fig 62a

(11)
Spectra of GuPyPGlu complex a t  pH 2.16 

(1) I n i t i a l l y

(11) A fte r 24 hours /

(DÜ

Wavelength cm"'

- 183 -



(11) Spectra of CuPamPaKG complex a t  pH 2.19 

(1) I n i t i a l l y  

(11) A fte r 24 hours
(1)

(1)

Wavelength cm (11)
30,000

I t  was found th a t  the  f in a l  spectra  from the complex of GuPyPGlu; 

the complex of CuPamPaKG; and the  so lu tion  containing C u (ll) , pyridoxal 

phosphate and glutam ate, were almost id e n tic a l .  At low pH values these 

spec tra  were to ta l ly  d iffe re n t from the  f in a l  spectrum of a so lu tion  

containing C u (ll) , pyridoxamine phosphate and a -k e to g lu ta ra te , (F igs 63 

and 64).

The above observations in d ica te  th a t  the complex prepared from 

pyridoxamine phosphate and a -k e to g lu ta ra te  has already undergone 

transam ination during the  time taken fo r i t s  p reparation .

The reac tio n  xdiich takes place on d isso lv ing  the  cempierres in  

b u ffer i s  probably the  hydrolysis of the  complex. This proceeds u n t i l  

an equilibrium  i s  reached. At pH values as low as 2 .4  and in  the absence 

of an excess o f glutam ate, th is  equilibrium  i s  expected to  favour the
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F ir  63

Spectra of (a) GuPyPGlu complex a f te r  24 hours

(b) CuPamPaKG complex a f te r  24 hours

(c) Solution of G u (ll) , pyp and Glu

after. 24 hourso
t—I

pH 2 .16- 2.19

a and c

Wavelength cm
30,000

F in a l spectrum of a so lu tion  of 

G u (ll) , PamP and aKG a t  pH 2,35

Wavelength cm' 
35,000 30,000
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products o f hydro lysis , as i s  sho^m by Fig 63.

K inetic s tud ies on the  disappearance of the pealc a t 25,500 cm*’̂  

showed th a t the  reac tio n  was n e ith e r  f i r s t  nor second order over a 

range of about 50^ reac tio n . The hydrolysis of the complexes was not 

studied fu r th e r .
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Appendix I I

The following abbreviations and symbols have been used 

throughout th is  th e s is .

Py? ■ Pyridoxal phosphate (P also used fo r  [PyP])

PamP Pyridoxamine phosphate (P a lso  used fo r  [PamP])

Glu The glutamate anion (G also  used fo r [G lu ])

clKG The a -k e to g lu ta ra te  anion (G also  used fo r  [aKG])

S3’ The S ch iff’ s base derived from PyP and Glu .

S3" The S ch iff’ s base derived from PamP and aKG

SB Any S c h iff’ s base in  general

S30H Any carbinolamine

D O ptical density

I n i t i a l  o p tic a l density  

E E x tinction  c o e ffic ien t

[ ] Concentration of species in  b rackets . These brackets have

been om itted in  c e r ta in  p a rts  fo r  convenience. Where th is  

i s  so th e  character ’ , ’ d is tingu ishes between [CuP] -  CuP 

and [Cu][P] = Gu.P e tc .

G  ̂ Total concentration of PyP o r PamP

G  ̂ Total concentration of m etal ion

n^ o r n^ Average number of protons associated  to  ligand

n o r n ’ Average number of ligand molecules associated  to  m etal

[A] Concentration of fre e  ligand anion

(A) Total concentration of free  ligand

G Total concentration of ligand
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Total concentration of rep laceable protons 

Concentration of OH" in  t i t r a n t  

m Total moles of t i t r a n t  added

V Volume of m moles of t i t r a n t

v ’ Volume of t i t r a n t  required  during blanlc t i t r a t i o n

p[ ] P o ten tia l of species in  brackets ( -  log[ ] )

C Total concentration of glutamate
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Appendix I I I  

Buffers Used in  the Present Work

Acetate was found to  be the  only b u ffe r su itab le  fo r  systems 

containing strongly  co-ord inating  lig an d s . Sodium hydroxide was used 

in  one,instance (p 66) fo r  pH values above 7, bu t i t  was d i f f ic u l t  to 

co n tro l, and the  re su ltin g  pH depended very much upon the pK values of 

the re a c ta n ts .

The ace ta te  buffer was made up by p ip e ttin g  20 ml of molar sodium 

ace ta te  in to  a 100 ml standard f la sk . V ml of N HCl were then added 

toge ther with (30 -  V) ml o f molar NaCl. . The volume was made up to  

100 ml with d i s t i l l e d  w ater.

Borate was examined as a possib le  b u ffer fo r  the  higher pH range 

but i t  was found th a t  the spec tra  of pyridoxal phosphate in  borate  and 

ace ta te  b u ffe rs  a t  the  same pH were d if fe re n t .  This suggests th a t  some 

reac tio n  takes p lace between pyridoxal phosphate and borate mailing 

the l a t t e r  unsu itab le  as a b u ffe r . The spectra  of pyridoxal phosphate 

in  borate  and ace ta te  b u ffers  are shoivn in  Fig 65. The spectra  of 

pyridoxal phosphate in  the  presence o f ,  and in  the  absence of ace ta te  

b u ffe r are id e n tic a l  a t  the same pH,
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Appendix TV 

Reagents Used in  the Present Work

Pyridoxal phosphate ( ‘purum' grade) was obtained from ‘Flulca’ 

and used without fu r th e r  p u r if ic a tio n . Solutions were made up in  

blackened f la sk s  and were kept fo r  a maximum of 3 days in  a re f r ig e ra to r .  

During the s ta b i l i ty  constant determ inations of p 123 e t  seq ,, so lu tions 

were made up afresh  each day.

Pyridoxamine phosphate hydrochloride (purissinum grade) was also 

obtained from 'Fluka* and used ifithout fu r th e r  p u r if ic a tio n . Solutions 

were stored  in  darkened f la sk s  in  a re f r ig e ra to r  and kept fo r  a 

maximum of 3 days.

Monosodium glu tam ate,(reagent grade) was obtained from B.D.H. and 

used without fu r th e r  p u r if ic a tio n . Solutions were stored  in  a re f r ig e ra to r  

and kept fo r  a maximum of 2 days.

Reagent grade aw ketoglutaric acid  was obtained from B,D,H. and 

also  used without fu r th e r  p u r if ic a tio n . Solutions idiich had been 

p a r t ia l ly  n eu tra lised  were frozen so lid  immediately a f te r  use in  order 

to' re ta rd  the  rap id  growth of b a c te r ia , ho so lu tion  was kept fo r  

more than 1 day.-
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Appendix V

The Computer Programs Used in  th is  Work ■

On the follovTing pages i s  sho’̂ m the la t e s t  program used to 

determine the mixed s ta b i l i ty  constants of C u (ll) , PyP and Glu, together 

with some ty p ic a l da ta . The lo ca tio n  of the  v a riab les  i s  shovai below.

G The concentration of PyP^”

0(0) o r G(P-l) The concentration of Glu^”

D(I+10), E(I+10) Corresponding values of pH and [H^]/a co rrec tio n  fa c to r  F 

U (I- l) ,  V (I- l)  Corresponding values of pH and K^/a^

F ( I - l )  D issociation  constants of the ligands

A (I - l ) ,  B (I- l)  Corresponding values of experimental v /a  readings

C (I- l)  Values of .-knoi-on simple s ta b i l i ty  constants

V, W Current values of v and a

X(0)-X(3) Values of the  mixed s ta b i l i ty  constants

Z In te rp o la ted  value of

H(0)! In te rp o la ted  value of [H ] / a  co rrec tion  fa c to r  F

W’ C alculated value o f t i t r a n t  volume v

The function  of th e  subroutines are :

91) In te rp o la tio n  o f in te rp o la tio n  of F

10) I te r a t iv e  evaluation  of the experimental param eters.

The programming language i s  EXCHIF Autocode ( I 966).

(
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CHAPTER O

A->10 
B—>l0  
C->10 
D->25 
E->25 
H->5
F->10
G->25 ■
U->20
v->2 n
W->25
x->5
Y->5
z->5

w(8 )=2 o
w(4)=o

READ (C)
READ (g(0)) 
READ (N') 
I=1(1)N’
READ (D(I+10)) 
READ (E(I+10)) 
REPEAT 
READ (M)
1=1 ( DM*
READ (U(I-D)  
READ (V(I-D)  
REPEAT ,
N=4 \ '
I=1(1)N
Y(I-1)=1
REPEAT
i= i( i)7
read(f ( i - D )
REPEAT

ÿ4Ô)READ (M>
JUIVÎP 4 7  f M=o
I=1(1)M
READ (A(I-D)
READ (B(I-D)
REPEAT
l= l ( l )4
READ(C(I-1))
REPEAT
READ (H)
READ(F(7>)
READ(B')
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0=1(1)M 
NEWLINE 2 
CAPTION 
V(EXPT)=
V=A(0-1>
PRINT (V,2,2)
W=B(0-1)
P=1
JUî.TPrav̂  91  
C=0.000 000 000 001 
G(P-l)=0 . 0 0 0  0 0 0  0 0 0  1

X(0)=1000 OB’
I=1(1)4
x(o)=ioox(o)
NEWLINE 
CAPTION 
X(0 ) =
PRINT (X(0),0,1)

X(l)=lOOO OB’
j= i ( i ) 4
X(1)=100X(1)
CAPTION 
X(l) =
PRINT (X(1),0,1>

X(2)=lOOOB'
K=1(1)4
X(2)=1000X(2)
CAPTION 
X(2) =
PRINT (X(2) ,0 ,l)

JUAÏPDOWN 10
CAPTION
V(CALC)=
PRINT (W’, 0 , 6 ) 
NEWLINE

REPEAT 
REPEAT 
REPEAT 
REPEAT 
JUMP 4 6  
4 7 )END
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91)I=1(1)M’
W(7)=*M0D(U(I-1)+0.43429*L0G(W>)
JUMP 92,w(7)>w(8) 
w(8)=w(7>
REPEAT

92)W(1l ) = - 0. 43429*LOG(W)
W(8)=20
Z=V(I-3>*(W(ll)-U(I-2))*(W(ll)-U(I-l))/*(*(U(I-3)-U(I-2))*(U(I-3)-U(I-l)))
Z=Z+V(I-2)*(W(ll)-U(I-3))*(W(ll)-U(I-l))/+(*(U(I-2)-U(I-3))*(U(I-2)-U(l-l)))
Z=Z+V(I-l)*(W(ll)-U(I-3))*(W(ll)-U(I-2))/*(*(U(I-l)-U(I-3))*(U(I-l)-U(I-2)))
Z=ZWW

I=1(1)N'
H(1)=0.43429*LOG(W)+D(I+IO)
H(l)=-H(l)
JUMP 1G9,0>H(1)
REPEAT
l09)H(0)=E(l+l0)+H(l)*(E(I+l0)-E(I+9))/*(D(l+l0)-D(l+9>)

w(1o)=i +w/ f (7)+ww/ * ( f (7)f (4))+ww/ * ( f (7)f (4)f ( i ))+wwvav/ * ( f (7)f<4)f ( i )f (2)) 
w( i i )=i +w/ f (7)+ww/ * ( f (7)f (4))+wv'w/ * ( f (7)f(4)f ( i ))+wwww/ * ( f (7)f (4)f ( i )f ( i )) 
W(ll)=W(ll)+WWWWW/+(F(7)F(4)F(l)F<l)F(2))+\mWAW/*(F(7)F(4)F(l)F(l)F<2)F(2)) 
W(l2) = l+W/F<7)+WV/*(F(7)F(7))+\r»VW/*(F(7)F(7)F(4))+WWWW/*(F(7)F<7)F(4)F(4)) 
W(l2)=W(l2)+WVAirWW/*(F(7)F(7)F(4)F(4)F(l))+VAW,'rvVW/*(F(7)F(7)F<4)F(4>F(l)F<2))
w(13) = i + w / f ( 7 )+ w w /*(f (7 ) f < 7 ) ) + w v w /* ( f (7) f ( 7 ) f < 4 ) ) + w w , v * ( f < 7) f ( 7>f<4) f ( 4>)
W(l3)=W(l3)+WWVAVW/*(F(7)F(7)F(4)F(4)F(l))+VAW,W/’t'(F(7)F(7)F(4)F(4)F(l>F(l>)
W(l3)=W(13)+W\^mA'AV*<F(7)F(7)F(4)F<4)F(l)F( l)F(2))
W(l3)=W(l3)+WYAWAV\mV/*(F(7)F(7)F(4>F(4)F(l>F<l>F(2)F(2>)
w( i 6)=w/ f<7)+2W*(f (7)f(4))+3vaw/ * ( f (7)f (4>f ( i >)+4Vâ vw/ * ( f (7>f (4>f (1)f (2))
W(17)=W/F<7)+2WW/*(F(7)F<4))+3WW/*(F(7)F(4)F(1))+4WVWW/*(F(7)F(4)F(1)F(1))
W(l7>=W(l7)+5WWWVrW/*<F(7)F(4>F(l)F(l)F(2))
w(1 7 )=w(1 7 )+6wwwvavw/*(f(7 ) f ( 4 ) f ( i ) f ( i ) f ( 2 ) f ( 2 )>
w(l8 )=w /F (7) + 2W W /* (F (7) F (7 ) ) + 3W V A V /* (F (7) F (7) F (4 ) )+ 4W v/m v* (F (7 )F (7 )F (4 )F (4 ) )
w( i 8>=w( i 8)+5wvavww/ * ( f (7>f (7)f (4>f (4)f ( i ))
W(18)=W(18)+6WWWWWW/*(F(7)F(7)F(4)F(4)F(1)F(2))
w ( i 9 ) = w / F ( 7 > + 2 w y / * ( F < 7 > F ( 7 ) ) + 3 w w w / * ( F ( 7 ) F ( 7 )F ( 4 ) ) + 4 W w w w / * ( F ( 7 ) F ( 7 ) F ( 4 ) F ( 4 ) )
W(19>=W(19)+5VAVWWW/*(F(7)F(7)F(4)F(4)F(1))
w(1 9 )=w(1 9 )+6wwww\w/*(f(7 ) f ( 7 ) f ( 4 ) f ( 4 ) f ( i ) f ( D )
W(l9)=W(l9)+7WWWmVWW/X‘(F(7)F(7)F(4)F(4)F(l)F(l)F(2))
w(19>=w(19)+8wwwwwwww/ * ( f (7)f (7)f <4)f (4)f ( i )f ( i )f (2)f (2))
RETURN
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l 0 )A'=3 /*(lO0 +V)-H(0 )W+0 . 0 0 0  0 0 0  0 0 0  0 0 0  0 3 2 2 /W-0 . 1V/+(1 0 0+V)
A'=A’-C=* (V//F(3)+2WW/*(F(3>F(4))+3WWW/*(F(3)F(4)F(5)>) 
A’=A'-4C\mVW/*(F(3)F<4>F(5>F(6))
W(20)=W/F(0)+2W/*(F(o)F(1))+3WWW/+(F(0)F(1)F(2))+X(0)Y(0)W<16)C
W(20)=W<20)+X(1)Y(1)W(17)CG(P-1)+X(2>Y(2>W(18)CC+X(3)Y(3)W(19)CCG(P-1)
G(P-1)=A'/W(20)
A=C(2)+2C(3)G(P-1)+X(0)Y(0)W(10)C+2X(1)Y(1>W(11>CG(P-1)
A=A+X(2)Y(2)W(12)CC+2X(3)Y(3)W(13)CCG(P-1)
B=C(0)+2C(3)C+X(0)Y(0)W(10)G(P-1)+X(1)Y(1)W(11)G(P-1)G(P-1) 
B=B+2X(2)Y(2)W<12>CG(P*-1>+2X(3)Y(3>W(13)CG(P-1>G(P-1)

W(1.5)=1+C(0)C+C(1)CC+C(2>G(P-1)+C(3>G(P-1)G(P-1)+X(0)Y(0)W(10)CG(P-1)
W(14)=X(1)Y(1)CG(P-1)W(11)G(P-1)+X(2)Y(2)W(12)CCG(P-1)
w(i4 )=w(i4 )+x<3 )Y(3 )w(i3 )ccG(p-i)G(p-i>
E=lO0H/+(*(10 0+V)♦(W(1 5 )+W<1 4 )))
G=G(P-1)*(1+W/F(o)+W/*(F(0)F(1))+W'AV/*(F(0)F(1)F(2)>+AE+ZC)
W'=1 0 0G/*(0 . 0 5-G)
W(5)=*MOD(W'-W(4))
d=i+w/ f(3)+w v*(f (3>f (4>)+wav*(f (3)f (4>f (5))+w\aww/ * ( f (3)f (4)f (5)f (6))
c=o.5 /*(ioo+v)
C=C/*(D+BE+ZG(P-1))
JUMP 1 0 3 ,W(5 ) >0 , 0 1  
RETURN

i 03)w<4)=W .

JUMP 10

CLOSE

1 ,-12  1 , -10

13
2 . 0  1 . 0 9 6  2 . 5  1 . 1 2 2  3 1 . 1 4 8  3 . 5  1 . 1 7 5  4  1 . 2 0 2  4 . 5  1 . 2 3 0
5 1 . 2 5 9  5 . 5  1 . 2 8 8  6  1 . 3 1 8  6 . 5  1 . 3 5 0  7 1 . 3 8 0
7 . 5  1 . 4 1 2  8  1 . 4 4 5  ,

14^
2 . 8  2 . 3 7 , 2 8  3  1 . 0 2 , 2 8  3 . 2  4 . 7 4 , 2 7  3 . 6  1 . 2 1 , 2 7
4  4 . 2 5 , 2 6  4^ 4  2 . 1 0 , 2 6  5 1 . 2 1 , 2 6  5 . 6  1 . 5 1 , 2 6
6  2 . 1 3 , 2 6  -.6.'4 4 . 1 8 , 2 6  7  2 . 2 9 , 2 7  7 . 4  8 . 6 6 , 2 7
7 . 5  1 . 2 2 , 2 8  7 . 6  1 . 8 8 , 2 8

2 . 1 3 8 , - 1 0  5 . 2 4 9 , - 5  5 .^1 3 , - 3
2 . 0 6 5 , - 9  4 . 8 4 2 , - 7  1 . 8 6 2 , - 4  1 . 2 8 8 , - 2
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6
2 . 1 0  4 - 677 ,“3 7 - 5^ 1 . 66o , - 3  1 2 . 2 8  1 . 5 4 9 . - 4
1 3 . 9 0  6 . 1 6 6 , - 5  1 9 . 9 1  8 . 6 1 0 , - 7  2 7 . 1 2  4 . 8 9 8 , - 1 0

1 . 7 1 4 , 6  1 . 2 0 , 1 0  7 . 0 8 , 7  2 . 5 1 , 1 4

2 . 5 , - 3

2. 455,-6

1

5
5 . 4 2  6 . 3 8 3 , - 4  1 0 . 8 8  1 . 1 4 8 , - 4  1 6 . 8 2  6 . 0 2 6 , - 6  2 3 . 9 7  1 . 9 9 5 ,
2 8 . 5 0  1 . 1 9 1 , - 1 0

3 . 2 4 , 3  o 7. 94,5 2 . 1 9 , 1 0

2. 551,-3 '

3 . 8 4 6 , - 7

0 . 0 1  i '

o

***z
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