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Proteins interact with a variety o f  substances,

such as organic and inorganic ions, drugs, proteins and the
1

lik e . Of  auch intei!<^ction products, netallo-proteins and

raetalIo-4^;*yiBes form ^n important group; they occur in

blolof^ieal systems and\play a v ita l role in metabolic processes,

The met a ll o-T) Proteins such as hemocyanin (copper),

hemoglobin (ii^oa^  and chlo^jophyll (magnesium) have been

studied in great a^-t.ail ov^r a number o f years. The metal

forms an integral part x of the protein, and can be removed only

by drastic chemical action, v. The precise role o f the metal

ion in the physiological lUnoi\j.on o f these proteins has also

been fa ir ly  well established.

The metallo-enzymes, on other hand, contain the

metal ion in a loosely bound lorm. The m^tal can be removed

by mild processes such as dia lysis, IUrtheracr*^e, the
'‘ x,

activation may be brought about by other metals havinfê  ̂sim ilar 

electron configurations. Arginase, for instance, may be 

activated by Fe'*"*’, Co'*"*’ and Ni'*’"*' besides Mn'*"*', which is  the 

natural activator In some cases, however, the activation

may be brought about by structurally dissimilar metals. It  

seems that neither the catalytic activ ity  nor the metal 

requirement o f enzyme systems can be easily explained in terms 

o f  the nature and electronic configuration o f the raetal ion 

alone. The nature o f the functional groups and their 

juxtaposition in the protein molecule may possibly have to be
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taken into account. It  is precisely for th is reason that

wore and more attention has been paid, in recent years, to a

study o f interactions in simple systems, involving homogeneous

proteins and their constituents in wiiich the nature o f the

ligand group is  fa ir ly  well established. Such studies have

assumed a fUx*ther importance in view o f the recent use o f

divalent metal ions, notably zinc ion, in selectively rendering
(insoluble the proteins contained in human blood plasma' , and 

in the extracts o f aovine liver^^\ Of the homogeneous 

proteins, crystalline bovine and human sertina albumins have been 

studied the most, especially, because these proteins are well 

characterized in terras o f their hydrogen ion equilibria^ 

and because the ir derivatives can ae prepared re la tive ly  

e a s i l y ^ *

(I)
Electron Confjguratioa and Complex Formatioa

We may, to start with, examine the complex forming 

a b ility  o f a metal ion in so far as i t  can be deduced from its  

electron confl^ration. The ions o f the non-transition metals 

(such as the alkali and alkaline earth metals), in which the 

inner electron orbits are f i l le d , assume the staole configuration 

o f the nearest noble gas; hence they react with the functional 

groups by virtue of a net electrostatic attraction. The 

transition elements, however, frequently u tilize  their inner 

electron orbits for covalent bonding and generally form far 

stronger complexes than the non-transition elements. An
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Important feature o f the transition metal ions is  the 

hybridisation o f their d, i  and p orbitalSf leading to better 

orbitals for covalcnt bond formation at s'necially favoured 

angles. The electron configuration and the favoured orientation 

o f covalent bonds are given in Table I  for a few laetal ions* I t  

may be noticed that the 3d orbitals are ?aade availablf? by 

forcing the unpaired 3d electrons to pair (Mn'*’'̂  , Pe "̂  ̂ i Ni"*"  ̂ ) ,  

or by forcing a lone electron from the 3d to 4d orbita l (Cu"*"^) 

or both (Co"*"^). There is  thus a magnetic criterion  for the 

formation of covalent bonds involving the transition elements*

- 1

•» 3  —

Metal Coordi- F.lectron orbitals available Type
ion nation Configuration for covalent bond

number formation

Mn 2 6 argon
core

ZA

GOOQO 0

4>

o o o
_  .......d‘=̂ sp'̂  oota-
GO© (o q p 0 0 ̂  hedral

Fe 2 6 ft e Gooo 0 o o o 0 0 0 [q 6 ̂  s i  _o'pj3 fi8gp3 ft

Co 2 6 tt OGGOO 0 0 0 0 0 0 0^_q‘ ~̂q p_o^ o d^spS

Hi 2 4 It GGOGO 0 o o o G G G g I p  o 0(^0 dsp^ square

Cu 2 4 N 0 0 0 0  0 0 ooo O 0  0 0  oj.o ^  O d sp  ̂ **

Zn 2 4 It 0O0GO o o o o O O 0  0 o  [o  p_0(  ̂ gp3 tetra~
hedral

A real bond between two atoms is » however, seldom 

en tirely  covalent| and may be treated as a resonance hybrid 

betweon an idealized covalent bond and an idealized ionic bond.



The partial ionic character o f a real bond may be related to

the electronegativity difference between the interacting atoms,

Exaaples o f two electronic patterns for ferric  conplexea,

Te aJ , with ligand A“  are shown in Table I I ,  i f  the

ferric  ioa fonss complexes without the participation o f 3d

electrons, as with , the complex w ill exhibit the

electron distribution shown in the upper part o f Table I I .  I f ,

however, the electronegativity o f the ligand is  su ffic ien tly

low, as with Fe (CN)"** , the whole complex can be stabilized 
2 3by d sp hybrid bonding as shown in the lower part o f Table I I ,  

The quantum>raechanical treatment, developed by Pauling^^\ has 

formed a satisfactory basis for elucidating the nature o f 

complex formation between met??l  ̂ ions and simple ligands.

Table -  I I  

Electron Distributions

Complex 3d 4s 4p 4d

-  4 -

TTa A •* «« •• •• ••
A A A A A A

ionic octahedral

6 0 6  A A A A A A
2 3d sp octahedral

Reversible Squilibria and A ffin ity  Constants.

It  is conventional to consider a metal ion, in the

(II)



valence state in question, acting as a recipient, through it s  

vacant orbitals, o f  electron pairs from a ligand. A ligand 

should, therefore, be in a position to donate such electron 

pairs. Take, for example, the equilibrLua

«  ^  ............... ...  • ( 1 )

It  may be noticed that i t  is  only the basic or the dissociated 

forw, - NHg , which can act as a ligand for oonding with metal 

ions, the equilibrium conditions being represented as

I I
M flTHg ( 2)

I f  there were only one ligand on a protein molecule, the 

association or the s tab ility  constant, k, would represent 

the complexing ab ility  o f the metal ioa with the protein.

A protein, however, is  a composite o f several amino acids 

joined together in a peptide chain. There may thus be a 

variety o f functional groups with varying proton a ffin itie s  

available on a protein molecule. The number o f various polar 

side chains and their pK° values are given in Table I I I  

for human and bovine serum a l b u m i n s ^ ^ * I t  may be noticed 

that the careoxyl, imidazole, and amino groups w ill be expected 

to oe the reactive sites at pH values around 4, 6 and 3-10 

respectively.
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Table -  I I I  

Polar aide chaina in Serum Albumin Molecule

6 -

number present per mole
Group Structure Amino acid 

residue
Human Serum 

Albumin.4. .......

Bovine Serum 
Albumin

, pK (5) 
(Tan ford)

Ana
lys is

f i i  ra
tion

Ana- Sxpec’fced 
lys is  T itra

tion

Free ^ 0  
Carboxyl **0 ^

OH

Aspartic 
acid Sc 
Glutsffliic 
acid

101 106 101 106 4.0

imidazole

o<-amino

Histidine 16 16 18 13 6,1

9 4 10 5 8.0

6 -amino - ^ 3̂ Lysine 58 56 60 58 9.4

Phenolic -/ -OH
OH

Tyrosine 13 18 19 19 9.6

Sulfhydral -831

?  S
Guanidinuni •H-~C

Cysteine

Arginine

0.7

24 24

0.7

23

T

23

10

12

Total cationic 
groups

107 100 111 104

Total cationic 
leas

35 76 83 81

Assuinin? that a single set o f n equivalent sites are responsible



for binding metal ions under given conditions, we may write 

the successive equilibria as follows :

P -V- A PA

-  7 -

PA -hA PA^
PA^^l + A  ^ P A ^

J’V l  -"A  ^ P A ^

These equilibria may be represented in equations defining 

their equilibrium constants.

(P A )/ (P ) (A )  = : k j ........................... (4 )

(P ia )/ (P A ) (A )  = k B ...........................  (5 )

(PA i)/ (PA i.i)(A ) ...................... ( 6)

(PAn)/(PAa.i)(A) ...................... ( 7)

Excellent reviews on the theory o f  multiple equilioria are 

available in l i t e r a t u r e ^ ^ I t  can be shown on purely 

sta tistica l considerations that the equilibrium constants 

, are not independent but bear the following 

relationship to each other.

ki =  nk , .......... .. (8)

and

k is  the in trinsic association constant representing the a ff in ity  

o f the functional group for a metal ion. The factor 

is  a s ta tis tica l lector indicating that the probability o f
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Tig. 1 : The binding o f Calcium ions by casein
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a metal ion combining with a protein, having n identical s ites, 

is  n times larger than would be the case i f  the protein had 

a single reactive site.

A convenient measure o f the extent o f binding o f A 

with a protein is  the quantity

moles bound A '
------------------------------- «  r  * • . ( 10)
moles to ta l protein

It  can be easily shown that

-  8 -

^ _ kiA-fgteilcaAg-f • • j-lCki•• -  ̂  ̂ ^

l+k̂ Â +kj^kgA®+* • • • +(k3̂ kg* ••k^)A^----+
which may be reduced to

- m r
(12)

or .A .  =  « • • • « •  ( 13 )
T Bk (A) a

or ^  := Bk -  kr (14)

Thus a plot o f i  va A should give a straight line with a
t A./

slope and an intercept X , Similarly, a plot o f 

x fr  vs r  should also give a straight line with the intercepts 

nk and a , Such a plot is  illustrated in M.g.1 for the binding 

o f calcium ions by casein.

(Ill)

jjlectrostatic Interaction 

I f  charged ions are bound by a protein, the firs t



bound ion w ill reduce the a ffin ity  o f the protein for the second 

oncoming ion purely due to electrostatic repulsion. Under 

these conditions, equation 9 and consequently equation 13, are 

no longer valid. Tv;o methods have been devised to take iato 

account the electrostatic interaction factor in the interaction 

o f proteins with small ions. Thus, according to Klotz and 

coworkers^

-  9 -

Z* is  the char̂ sre on the rcetal ion, j the radius o f the protein 

molecule, a the distance of closest approach o f the metal ion 

to the protein, and K the familiar function o f the ionic 

strength in the Debye-Huckel equation. T® elec. may be

calculated readily. Tor the evaluation o f successive association 

constants, one association constant must be known. The usual 

procedure is  to calculate by an analysis o f data in terffis

o f eqn. 13 or eqn. 14 and to  evaluate the successive association 

constants from eqn, 15. Once the successive association 

constants are known, values o f r aay be calculated from eqn. 1 1 . 

Successive approximations may be employed in %  t i l l  a good 

f i t  with the experiffiental data is  ootained.

The second method developed by Scatchard^ leads 

to the conclusion that, lor an isoionic protein with more than 4



equivalent s ites ,

^  eSwp — t a * t o  . . . • • • . , ( 1 7 )

.............................

-  10 -

Thua a graph « 2wr ^  p should give a straight line

from the intercepts o f which both k and n can be evaluated. 

Bqn, 17 i »  valid  only for .isoionic protein but no such 

restriction is  imposed in the evaluation by eqn. 16*

The intrinsic association constants thus obtained 

SDay be conipared with the firs t  association constant o f the laetal 

ion with the various constituent amino acid residues to reveal 

the nature o f the functional group responsible for binding the 

netal ion.

(IV)
The Interaction o f Serum Albumin with Metal Iona

It has been shown above how the binding data may be 

processed for the evaluation o f  in trinsic a ffin ity  constants 

and the number o f reactive sites available on a protein 

molecule. We w ill now review the various methods used for 

obtaining such binding data and the results so far obtained with 

bovine and human serum albumins. I t  may be mentioned at the 

outset that bovine and human serum albumins are practically 

identical in so far as their molecular size, shape and amino 

acid composition are c o nc e rn ed^ (S ee  Table I I I ) .



A, Equilibrium Dlalyaia t The equilibrium dialyaia technique 

has been uaed widely in the study o f the interaction o f protein* 

with snail ions. The solutions containing a protein and a 

metal ion are separated by a semi-permeable membrane, auch as 

oellophanei which is  impervious to the protein but allows 

unhindered movement o f metal ions acroaa the membrane. I f  

metal-protein interaction has occurred at a ll ,  the to ta l metal 

concentration w ill, at equilibrium, be more in the protein 

solution than that in the protein -  free solution, the difference 

divided by the protein concentration (Cp) being quantitatively 

equal to r, the number o f metal ions bound per mole o f the 

protein. The metal concentration in the protein-free solution 

w ill represent the concentration of the free metal iora, (A), 

in equilibrium with the metal-protein complex.

( i )  Bouilibriua Dialysis in buffered aolutiona t

Buffer solutions have been uaed largely for a study o f the 

interaction o f proteina with anions. A study o f metal-protein 

interactions has, however, been limited to the work o f Klotz 

and coworkers on the binding o f c u p r i c ^ a n d  calcium ions^ *̂^  ̂

oy bovine senam albumin. I t  was found that the binding power 

o f bovine serum albumin for cupric ions increased with pH 

(acetate buffers of pH 4.0, 4.8 and 6.5 were used). The 

binding data could not, however, be explained in terms o f the 

s ta tis tica l factors alone. The calculated correction for 

electrostatic interaction ( ^elec; being 186 cals./mole at 

pH 4.3, Ionic strength 0.06, and 125 cals./mole at pH 6.5, ionic

-  11 -



stren^h 0.20 at 0®C) likewise proved to toe inadequate. I t  

was, however, found that with an arbitrary AFgXec. value 

o f 60 cals./mole at pH 4.8, and o f  r\J23 cals./fflole at pH 6,5 

the binding data calculated from eqns 13 and 11 agreed well 

with the experimental. The decrease in the electrostatic 

interaction factor has been ascribed to the fact that the serun 

albufflin molecule may not be spherical and that the uptake may 

involve the [cn Ac ^ ion rather than the Cû  ̂ ion.

The free energy change accompanying the formation 

o f the firs t  complex, PCu has also been evaluated. These 

values together with those for the firs t  association constant, 

k̂  , are given in Table IV,

Table -  IV

Thermodynamics o f the binding o f cupric ion oy bovine
seruiB albunin (16),

-  12 -

at 0®C at ?5®C AS°
cal/niole cal/mole cal/raole cal/mole/- 25 °C

degree

4,8 -5179 -5908 2780 29,2 1,45x 2,23
10  ̂ xIO^

6,5 -6380 -7060 1050 27.2 1,33x 1,57
10  ̂ xIO^

The enhanced ab ility  o f the albumin has been sought to be 

explained in terms o f the increased electrostatic attraction 

consequent on an increase in pH, On the other hand, the



absorption spectra of copper-albumin cotnplexea at pH values 

o f 4.8 and 6.5 show profound differences^ (see p. ) .

These differences in absorption spectra have led to the 

conclusion that, at pH 4.8, the ccaabination takes place 

essentially through the free carboxyl group, but that Cu.,.U 

linkage assumes an increasingly important role at pH 6,5•

Bsterfication o f the free carboxyl groups resulted in a 

considerable decrease in absorption at pH 4.3 vrhereas, at pH 6 ,3 1 

i t  did not. The oindlng o f cupric ions at pH 6.5 has thus 

been attributed to the imidassole /ŝ roups o f the albumin aolecule. 

In view o f the difference in the nature o f the sites responsible 

for binding cupric ions at pH 4.3 and 6.5, i t  does not seem 

clear how the enhanced Jinding at pH 6,5 can be explained solely 

in terms o f the increased not negative charge on the protein 

molecule.

liess and Klotz^^^^ have studied the a ffin ity  o f 

various proteins for the cupric ion in an acetate buffer o f 

pH 6.5. The order o f a ffin ity , ©C -casein ^  ^-casein  > boviae 

serum albumin^ y8 -lactoglobulin ^ lysozyme, could not however 

oe related to  the aroino acid composition, but was found to 

parallel the isoelectric  points o f these proteins. It  was 

thus suggested that the binding may arise out o f electrostatic 

factors alone and that no special configurations may ke required 

in the protein molecule in order that i t  bind cupric ions.

The binding o f calcium ions by bovine serum albumin 

has been studied by Katz and Klotz' ' who ascribed i t  to the

-  15 -



f ree  carboxyl o f the protein molecule. The binding was

found to be independent o f temperature• *
{ iqN

Fleas' has studied t)M binding o f the oobaltoua

iona by <=>< •>oaseln, bovine serum albumin and pepsin at 6.5 .

He fbund that -casein bound more than albumin and pepsin 

did not bind the cobaltous iona.

( i i )  SqulliPrium dialysis in unbuffered solutiona j 

The distia/mishing feature o f studies in unouffered as afiainst 

those in the buffered systems, is  that the data can be evaluated 

and Interpreted in terras o f a competition between a metal and 

the hydrogen ions for reaction with the same sites o f a protein 

molecule. The measurement and interpretation o f auch competition 

are rendered d ifficu lt , i f  not impossible, in buffered solutiona 

which are deaii^ned to yield or to absorb large amounts o f 

hydrogen ion without i n d i c a t i o n ^ , The studies in unbufjfered 

solutions have, so far, been limited to those of the interaction 

o f human scri«n albumin with zinc^ ' and lead ions^ The

procedure consisted in dialysing an isoionic protein solution 

containing known amounts o f dilute a lka li, against the metal 

ion solution to which sufficient salt Mras added to r îve the 

desired equilibrium concentration o f the medium. After 

equilibrium, the solutions were analysed for their metal contents, 

froB which r and A could be evaluated* The pH o f the

protein solution was also measured.
i 21 ')Gurd and Goodn>an' ' have studied the binding o f zinc 

iona by human serum albumin in 0.15>< sodium nitrate at 0®C.

'^hey have concluded that the imidaaole groups o f the albumin

-  14 -



molecule are the primary reactive sites for binding sine iona,

and that the reaction involves a 1 i 1 conbination between the

zinc ion and the imidaaole group. The intrinsic association

constant (log k® * 2.32) was found to be in good agreement

with the firs t association constant o f the zinc ion with

imidazole (log »  2.76, see Table V).

Table -  V ^

firs t Association Constants o f some cations 
with aceta+e, imidazole and amtionia

-  15 -

Log k.,

Carboxyl Imidazole Amino

Cu"̂  ̂ 1.7 4.4 4.2

Zn**’  ̂ 1.0 2.8 2.4

Cd'̂  ̂ 1.3 2.8 2.7

Ni”̂ ^ 3.27 2.8

Cô ^ 2.1

2.0 - -

Ca"̂  ̂ 0.5 - -0.2

* Taken from Scatchard et al in Chemical Specific ity
in Biological Interactions 
(1954) p.215.

 ̂ Ref. (30).

Acad,Press Inc, U , i ,

The binding o f lead ion (Pb' '̂*') by human serum albumin
f or N

has been studied by Gurd and Murray' in 0.15M sodium



perchlorate at 0®C, It  was found that as many as 70 plumboua 

ions could be bound per protein molecule. The addition o f 

zinc ions did not effect the binding o f lead indicating that 

the imidazole groups o f the protein molecule are not the 

reactive sites. lurtheraore, human seruai albumin was found 

to bind considerable amounts o f lead ion even at low pH values.

It  was therefore concluded that the carbos^l groups o f the 

protein molecule are the primary sites responsible for binding 

lead ions. The apparent in trinsic association constant had 

a value o f 32-47, which is comparable with the firs t  association 

constant o f lead ion with the acetate ion (<>j100) .

B. Polaro/graphy : I t  is  well known that the lim iting current

due to the reduction o f a metal ion at the dropping mercury 

electrode may be considerably reduced by the presence o f
(23^proteins. This decrease has been ascribed to complex formation^ ; 

The diffusion current in the absence o f a protein is  given by

=  C A© (19)

where is the diffusion current in microamperes, A© the 

to ta l metal ion concentration and is the diffusion current 

in microamperes per unit concentration o f the free metal ion 

determined from standard solutions and corrected to the same 

value o f , The diffusion current, I in the

presence o f a protein may be expressed as the swua o f two 

terms^^^^ one for the fr«e  metal (concentration A) and one 

for the protein-bound metal (concentration A^-A), Thus
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(ld>p *  C A - i -o < (A ^A ) ........................ * (20)

A4.<x (Ao-A)
- 5 ^ = — - = a —  .........................  ( 21)

where ia a small fraction indicative o f  the charaoteristica 

o f the reduction o f the metal protein complex ion at the dropping 

mercury electrode.

Tanford^^^^ haa examined the binding o f Zn'*’'*',

Cd'*’* and ions by bovine serum albumin in 0.15M potassium

chloride. Keeping the tota l metal concentration fixed at

4 X and protein at 1»23%f the values o f were

plotted as a function o f pH. A steep fa l l  in the*^^^ 3M carveg 

was observed in the pH range 5-6,— a range in which the albumin 

Imidazole groups lose their protons. Assuming that the 

constant is  known, i t  is  possible to calculate the current 

ratio corresponding to 505? comoination (eqn.21) and then to  

read o f f  the corresponding pH from the experimental curve. The 

data may then be considered in terms o f equilibria involving 

the imidazole groups and metal ions on the one hand, and the 

imidasEole groups and hydrogen ions on the other. Thus

-  17 -

J L _  = ic®e-2l^ Z p
.........................  ( 22)

7 ;— ;---- T- ^ .........................  (23)

where n̂  ̂ is the total number o f imidazole sites, ^ the number

o f these sites covered by the metal ion, the number

which are protonated, the charge on the metal ion, "P the

charjŝ e on the protein complex and ^ as defined by eq. 18,



The exponential term Is the usual electrostatic correction 

factor. The values o f  T and corresponding to  30%

combination are known. Similarly are also

known. Making suitable assumptions la  respect o f ^

and V , i t  is possible to  evaluate %lai from eqo.23 and 

consequently , the intrinsic association constant, front 

eqn,22.

The intrinsic association constants thus evaluated 

have log k° values o f 3.7, ?.9, 2.8 and < 2 .3  for Gu'*’'*’, Zn'*”*',

Cd^  ̂ and Pb'*"*' ions respectively, A comparison o f these values 

with those for the firs t  association constant o f imidazole with 

the metal ions (Table V) suggests that the imidazole groups o f 

the albumin molecules are the reactive sites.

The value o f  the constant, c<̂ may oe taken as the 

lim iting value o f when a ll  the metal is  protein-bound,

i .e .  when A«A  ̂ » and can be obtained by an extrapolation o f 

vs pH c u r v e s ^ A n o t h e r  procedure would be to 

determine (at a fixed metal ion ooncentz*ation) as a

function o f the protein concentration, the lim iting value o f 

being equal to Knowing the values o f

and o< , i t  is possible to calculate r, the number o f metal 

ions bound per mole protein from equation ( 21) ,  iSquation ( 21) 

can be rearranged to give

. <4 - ^ !

-  18 -
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• • • • • •  (24)

and A A© -  rop ( 25)



I t  is  thus possible to calculate the binding data from 

polarographic measurements.

Trom a polarographic study o f  zinc-serum albumin 

complexes in an acetate bufffer (pH 6.05, ionic strength 0,05) 

Saroff and Mark^^^ have concluded that the principal sites 

responsible for binding the metal ion are the imidazole groups. 

They have, however, obtained an *n' value o f 8 and a 'k* value 

o f 1200 which d iffe r  markedly from those reported by Gurd and 

Goodman,

C. Optical absorption * The absorption spectra o f metal-proteia

complexes haŝ  ?iven important qualitative information as to  the

nature o f the ligand groups responsible for meteLI binding. A

comparison with the absorption spectra o f metal complexes with

those o f simple molecules is  often helpful. Thyis i f  metal

protein complex formation involves the free carboxyl groups o f

the protein, its  absorption spectrum tr ill be similar to that

o f the metal-acetate complex. Such indeed is  the case, as

referred to earlier, with the copper-serum albumin complex

at pH 4 . 8 ^ At pH 6.5, however, Cu...*S linkage predominates

as is  evidenced by a sh ift in the wave-length o f maximum

absorption towards lower valuesP^^ 'This shift corresponds
( 27)to that observed in the copper-imidazole' ' and copper-ammine 

coraplexes^ The probability o f the imidazole groups oeing

the reactive centres is , however, based on other considerations, 

such as, the ab ility o f these groups to dissociate at tte pH in 

question.

-  19 -



The cuprlc Ion may also react with th« sullhydral 

group o f  the serum-and mercapt-albumin molecule. The spectral

band at 375 has been shown, by a variety of experiments,
(29^to be due to the Cu....5 linkage;

( 27̂The absorption spectra o f copper-imidazole' '  and 

nickel-imidaeole^^®^ complexes have also been studied. The 

complexes were found to be planar in case o f the cupric ion 

and octahedral in case o f tae nickel ion. The magnetic 

susceptibility measurements on nicke1-imidazole complexes 

revealed the formation o f ionic complexes alone!

D* F.Measurements s No e.m.f, measurements on metal-

protsin systems are reported in the literature. The method has, 

however, been used oy Scatchard et al for a study o f the binding 

o f small anions by serun albumin^

E. Electrophoresis t Metal-protein interaction may be expected

to reveal i t s e l f  in a change in the electrophoretic mobility

o f the protein. Surprisingly enough, no such measurements

have been reported in the literature. The method has, however,

oeen used for study o f the interaction o f bovine serum albumin

with anions, such as C!l" , 1“ and CNS” , with methyl orange,
( 32)detergents and lower fatty acids;

"F. the bindin/g of Hjg'*"*' by serum albumin i The mercuric ion 

difffers from a ll other metal ions in that i t  has a very high 

a ff in ity  for the imidazole and amino groups o f proteins.

However, its  a ffin ity  for the sulfhydral group is  the dominant
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feature o f it s  interaction with mercapt-albumin,  ̂ resulting 

under suitable conditions in the formation o f a dimer P3-Hg-3P.

(V)
Enthalpy and Eatrooy o f Binding

Many investigators have demonstrated that temperature 

changes do not greatly a ffect the extent o f the binding o f ions 

by serum albumin  ̂ The quantitative invest!gatioaa

o f Klotz and coworkers^ have confirmed the general

conclusions reached in ea rlie r qualitative work. Thus, in the 

binding o f cupric ions by bovine serum albumin, the extent o f 

oombinatioa shows a small increase (see Table IV) rather than 

a decrease one mi^ht expect^ Consequently, the

combination process must be accompanied by an absorption o f heat,

i . e .  A. H must be positive. The enthalpy o f binding, AH^ i 

be computed from the temperature coefficient o f the firs t 

association constant, , following the general thermodynamic 

relationship

= #  . . . . . . . . . . . <“ >
furthermore, since

A F  -  a h  -  T AS,

the corresponding entropy change may also be evaluated. The 

relevant values for the firs t  cupric ion bound by bovine serum 

aloumin are also ^iven in Table IV. It  may oe noticed that 

complex formation is accompanied by a large positive entjropy 

ch'^nge. This increase in entropy has been ascribed to the
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release o f bound water from the hydrated cation or to some change 

in the shape o f the protein^

CVl)

Studies with Amino acid Reaiduea

It may oe noticed from Table I I I  that nearly a ll

the amino and carboxyl groups Cin<=< position to each other) o f 

the constituent amiao acids o f the serum albumin molecule are 

used up in the formation o f the peptide chain. I t  seems, 

therefore, that i t  is only the free carboxyl, imidazole and

£ -amino groups o f the albumin molecule which may react with

metal iona at the physiological pH. The interaction of the 

individual amino acid residues with metal ions, there lore, 

assumes considerable significance, Me ta l - ace ta t e^and  

metal-ammine^ "̂^  ̂ complexes have been studied in great detail
^^(27)

over a number of years. The complexes o f imidazole with Cu , 
..(27) ^^(38) (30)

Zn , Cd , and Ni have, however, been studied

re la tive ly  recently* Values o f the relevant firs t  association

constants are given in Table V. I t  may be noticed that the

complex forming ab ility  o f the imidazole and £ -amino groups

are o f the same order. At the physiological pH, however, i t

is  only the imidazole groups which are nearly completely

dissociated and hence become available for bonding with metal

ions.

(m )
The Effect o f Suffer Iona 

Buffer anions may compete with the functional groups
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o f the protein for binding a metal ion. Thus, Klotz and 

TiessP^^ have shown that the binding o f oupric ions by bovine 

serum albumin, at pH 6,5,  was the greatest in a phosphate buffer, 

only sliphtly less in an acetate bviffar and least in a citrate 

buffer. The coraplexing ab ility  o f these ions with the cupric 

ion i t s e l f  is in the order, c itrate > acetate > phosphate.

-  23 -

Similarly, the addition o f flycine depressed the binding o f

.(36,39)
cupric ions by sertas albuminP^^

The existence o f metal complexes in chloride 

and acetate solutionL^2^ well known. There is  no reason to 

assume that these complex ions are not bound by the protein as 

such, Tanford, in his polarographic studies (see section IV B), 

has postulated the binding o f MC I i o n  by bovine seru® albumin  ̂

Tiess and Klotz^^®^ have made similar postulates in their study 

o f th« binding o f cupric ions by bovine serum albumin ia  acetate 

buffers (see section IV A), Aa Important feature of the 

binding o f metal-bufffer complexes is  a reduction in the 

electrostatic interaction fiactor consequent on a decrease in 

the charge on the metal ion (see eqn,13). Thus, assuming that 

CuAc'*' ions are bound by serum albumin, the w ill be

quarter o f the value expected for Gû"*̂  ions -  an assumption 

which has been found useful in explaining the binding data,

(see section IV A),

The effect o f citrate and glycine on the binding o f 

cupric ions by bovine serum albumin suggests that copper-citrate 

and copper-glycine complexes may not be bound by the protein



as e ffe c tiv e ly  as the CuAc'*’ complex.

The buffer anions may also be bound directly by the

protein. The oinding o f anions by serum albumin has been
(41^studied exhaustively. I t  has been shown' ' that the anions

are bound by the charged cationic centres (essentia lly, the

charged £ -amino groups) o f the protein. There is , however,

no simple correlation between the maximum numoer o f anions bound
(42)and the number of cationic centres. It has been postulated' ' 

that the cationic centres may not a ll  be equivalent so that only 

a fraction may oecome available for binding anions. Similar 

considerations apply to the binding o f organic aniona and 

d e t e r g e n t s ^ b y  proteins.

(V l l i )
Protein Configuration

It  may be concluded from the above discussion that 

the binding o f metal ions vfith the functional groups (especia lly 

imidazole )o f serum albumin involves a 1»1 intoraction accompanied 

>y the replacement of a water molecule coordinated to the metal 

ion by the functional group. It would thus appear that no 

special configurations are required in the protein molecule 

in order that it  bind metal ions. Unfortunately, l i t t l e  is  

known o f the disposition of the various amino acid resiaues 

in the protein helix. There is however evidence to show that 

a ll the sites of a particular set o f functional groups may not 

oe identical in their binding ab ility . Thus i t  has oeen shown 

that the maximum number o f small anions bound by a protein
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may not necessarily correspond to the number o f cationic centres

as evfiluated frora its  amino acid composition' ' ,  I^Uz^hermore,

the binding sites may show se lec tiv ity  for particular structures.

A small out detectable discrimination is apparent, for example,

from competition studies o f Karush' \  who showed from variations

in binding ab ility  with concentration that one group o f sites

on albumin preferred dodecyl sulphate to certain azo-dye anions

while a second set o f sites preferred the la tte r ions. More

direct demonstrations o f such preference have been presented

in recent comparisons o f interactions with isomers, Bistinct

differences have been observed in the attraction o f serum
(44)albumin for positional isomers' . Similarly, appreciable

distinctions have been observed in the attraction o f serum
(45)albumin for stereo-chemical isomers; The effect o f citrate

and glycine on the binding o f copper by serum albumin may, as 

mentioned earlier, be attributed to steric or other factors 

whereby, the uptake o f copper-citrate or copper-glycine complexes 

by the serum albumin molecule is  hindered. Such factors may 

not be operative in the uptake of CuCl'*' or CuAĉ  complex ions 

by albumin.

It is also probable that new sites may be uncovered 

on a protein due to reversible swelling or unfolding induced 

by strong internal electrostatic repulsions. The unanticipated 

increase in the ab ility  o f serum albumin to bind anions at 

alkaline pH may possibly be attributed to this effect^^^^.

I t  is  also probable that anion binding may in i t s e l f  lead to
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structural changes i »  the proteia whereby more reactive sites 

may become available; ^  Such a inechaaism may account for 

the continued failure o f a l l  attempts to find an actual plateau 

in graphs o f the number o f ions bound against the free ion 

concentration.

A further factor influencing metal-protein interactions 

may be the extent of hydrogen bonding through the functional 

groups o f the protein. An explanation o f the special binding 

a ffin ity  o f serum aloumin may possibly be the re latively low 

content o f hydroxy amino-acids in this protein as compared to 

a non-binding protein such as V -globulin. The basic assumption 

in this explanation is  that -OH side chains form hydrogen bonds 

with othgr side chains containing -COO" or aNH'*’ groups. This 

internal bonding may reduce the nuaoer o f polar side chains 

available for reaction with ions, the extent o f the reduction 

being detennined by the nunber o f -OH groups as compared to 

that o f the carboxyl and amino groups present in the protein 

rnoleculei

(iX)

I t  may be concluded from the above discussion that 

the interaction o f serum albumin with the cupric, zinc or 

cadmium ions takes place through the imidazole groups o f the 

protein. These conclusions find lUrther support from a 

study o f the complexes between imidazole and these metal ions.

In view of the fact that nickel^ and cooaltous ions form 

strong complexes with imidazole (Co^^ ion forms strong complexes
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with hiatidine^^®\ presumably with imidaaole as w ell), i t  is  

reasonable to expect that these ions should also react with the 

albumin-iraidazole groups.

I f  copper, zinc and cadmium ions react with the 

albumin imidazoles alone, the electrophoretic ajobilities o f 

the raetal-protein complex ions should be comparaole under given 

conditions. It  is not unreasonable to expect, however, that 

the carboxyl groups may compete with the imidazole groups 

especially as the numoer o f protein-bound metal ions is  incrsaaed.

With a view to obtain some information on the above 

aspects o f metal-pr'otein interactions, i t  was considered 

desirable to study the oinding o f copper, zinc, cadmium, cobalt 

and nickel ions by bovine serum albumin under identical 

experimental conditions. Corresponding measurements with 

modified serum albumins were also made to study the e ffec t o f 

the blocking o f various functional groups on the metal-protain 

interaction. Equilibrium dialysis, polarographic, optical 

absorption and electrophoresis techniques were used for the 

purpose. Buffer solutions were used to maintain identical 

experimental conditions. It  would have been d iffic u lt , for 

example, to make mobility measurements under comparable 

conditions in unbuffered solutions. I t  was also hoped that, 

with the buffered systems, i t  mî Jht be possible to obtain 

binding data covering a wide range o f metal-ion concentrations. 

Such data mirht be helpful in discerning the e ffect, i f  any, 

o f metal binding on protein configuration, or alternatively, on 

the ava ilab ility  o f farther functional groups.
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In what follows^ we have studied the interaetlon 

o f copper, zinc, cadmium, cobalt and nickel Ions with crystalline 

bovine serum albumin and its  modified derivatives in an aoetate 

buffer o f pH 6.5, Ionic strength 0,20,
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VLg, 7 : Electrophoretic Pattern o f Fovine 3erum
Albumin (1''* soln, in acetate buffer pH 6,5 
a 0.?0. Period o f electrophoreaia 130 mins. 
fie ld  strenjrth 2.3 volts per cm.Uindicates 
the position o f the in it ia l boundary.



M A T E R I A L S

^• Native Bovlae Serua Albumin (SB3A) *

Crystallized bovine aerum albuain was an Anaour 

product, Lot no.M 66909. A polarographic exBmiaatioa did aot 

indicate any detectable aoiounta o f metallic impuritiea. It  

was electrophoretically homoganeous in an acetate buffer o f 

pH 6.5 and ioaic strength 0.?0 (T ig .2) and had a fflobility o f 

-3.12 X 10 ca /volt,/sec. This value corresponds to a net 

charg-e o f approximately -16 (electron units), calculated on the 

basis o f a 0,2 X 10 cmVvclt./sec. change in mobility per unit

change in c h a r g e ^ S o l u t i o n s  o f the albumin were made by 

direct weighing, corrections being made for i t s  moisture coateat, 

The moisture content was found to ae 6. 6 ,̂ as determined by 

drying to constant weight at 110°C.

2. SsterLfied Bovine 3erum Albumin (iSBSA) :

Serum albumin was esterified  according to the method 

o f Fraenkel-Conrat et . 5 o f albumin were suspended in

500 ml o f anhydrous methyl alcohol. The suspension was made 

0. 1N with respect to hydrochloric acid by the addition o f 4.0 ml 

o f acetyl chloride dissolved in 20 ml o f methyl alcohol. The 

albumin dissolved readily. The solution was l e f t  at 15°G for

24 hours with occassional shaking. The precipitated eater 

was centrifuged at 0®G and washed thrice with ice-cold methyl 

alcohol. The sediment was dissolved in water, dialysed at 0**C

: C H A P T E R  - I s
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Sleetrophoretic Pattern of is terilied  lovine 
Sdrum Albumin (1^ soln, in acetate ouffer
pH 6.5 & A. a 0,c0,  Period o f  eloctrophoresis 
120 Tsins,; fie ld  strenfTth 1*7 vo lt3 per cis.). 

i  indicates the position o f the in it ia l boundary.



to  reaove electrolytes and fin a lly  lyophllieed.

The eater was analysed for its  methoxy groups by the 

method o f Niederl and Niederl^^^\ The analysis showed that 

a ll  the hundred and odd free carboxyl groups o f the albumin 

molecule had been esterified . The material was electrophoretically 

homogeneous in the acetate buffer, pH 6,3t (P ig .3) and had a 

mobility o f +6.02 x 10* cm /volt./sec» corresponding to a net 

charge o f +30 (electron units). I t  would appear from the

mobility o f SB3A as compared to that o f NBSA that only 46

carboxyl groups o f  the aloumin molecule have been esteriJied 

as against the analytical value o f about hundred and six. This 

discrepancy has been attributed by Saroff et a l ^̂ ^̂  to a 

sp litting  o f the esterified  derivative into two nearly symmetrical 

halves. It  is  our opinion, however, that the discrepancy may 

possibly be explained in terms o f an increased oinding o f 

acetate ions by the highly positively charged esterified , 

derivative (see General Discussion).

The ester had a moisture content o f 8,0^. It  

dissolved re latively slowly in the acetate buffer and rapidly 

in d is tilled  water. Stock solutions were prepared in d is tilled  

water and appropriately diluted with a buffer solution o f

requisite concentration to give a solution in the acetate

buffer. (The solutions, even when kept at Ô C, showed a slight 

tendency for hydrolysis and this was considerably reduced by 

keeping them in a deep-freeze),
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tig , 4 t Electrophoretic Pattern o f Acetylated Bovitte 
'erura Albumin, (l!i’ aoln, in acetate i>uffer 
pH 6.5 A  a 0,20, Period o f electrophoresis 
65 ains; <i©ld strength 2,0 volts per cm,), 
indicates the position oJ the in it ia l boundary.



3. Acetylated Bovine Serum Albumin (ABSA) j

Serum albumin was acetylated by the method o f 

T^aenkel-Conrat et a l^^^« 3 o f the albumin were dissolved

in 100 ml o f ha lf saturated sodium acetate solution cooled in 

an ice bath. 12.5 ml o f acetic anhydride were added to th is 

solution drop by drop with constant stirring . The precipitated 

material was centrifuged at 0*̂ C, suspended in d is tilled  water 

and dialysed to remove dissolved electrolytes. As the 

electrolytes dialysed out, the product went into solution. On 

completion o f dialysis, the solution was filte red  and lyophilized.

It  has been shown that acetic anhydride is  specific

only f o r  the jfree o<. -  &  ̂ -  amino ^roups^^^\ It  may,
i

therefore, be assumed that other groups, such as the hydroxyl, 

the imidaaolium and guanidinium are not affected. The 

acetylated derivative was analysed for i t s  free amino groups 

by the Van Slyke nitrogen estimation as modified by Baddiley 

et A value o f  12 was obtained as against 68 for HB3A.

The albumin had, therefore, been acetylated to the extent o f 

83f .  The moisture content o f the lyophilized product was

found to be

The acetylated derivative was found to be electro- 

phoretically imhomO('?eneous in the acetate buffer o f pH 6.5 

(H g .4 ), Two components were observed : a slow one, constituting
C p

about oOf o f  the tota }, had a mobility o f -7.60 x 10 cm /volt/sec., 

and a fast one, constituting the rest, had a mobility of
c 2

-8.60 X 10 cm /volt/sec. The mobility computed from the
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ftra t moment o f tha en tir i gradient curve had a value o f
—*5 2-7.87 X 10 cm /volt/sec. It  haa been concluded by Baddiley 

et a l ^̂ ^̂  from ultracentrilUgal studies that the minor component 

has a higher molecular weight than the native albumin.

4. Buffer Solution, :

A ll studies, unless otherwise stated, were made in 

an acetate buffer solution o f pH 6.5 and ionic strength 0.20.

The buffer solution was prepared from Analar sodium acetate and 

acetic acid. This aolution invariably gave a small polarographic 

wave at iS| «  - 1,0 vo lt, thus interfering seriously with the 

studies involving zinc ions -1,02 v o lt , ) .  In this and

'other cases, where the slight heavy metal impurity was lik e ly  

to a ffect the results, buffer solution was prepared by adding 

Analar acetic acid to a solution o f Merck sodium-hydroxide and 

adjusting the pH to 6.5. This solution did not contain any 

detectable metallic impurity.

5. Analar cupric chloride and cupric acetate, Merck zinc 

sulphate, Zinc acetate, Cadmium acetate and Cobalt c'lloride 

were used as the source o f metal ions in these studies,

6. Slycine and histidine (monohydrochloride) were B.S.H, 

re crystallized materials used without further purification.

-  52 -

- 0- 0- 0-



OPTICAL ABSORPTION ft EQUILIBRIUM DIALYSIS

The binding o f copper, zinc, cadmium, cobalt* and nickel 
ions ijy bovine seru® albumina.

(Acetate buffer, pH 6.5, ionic strength 0.20).

: C H A P T E R  -  I I  :

Ejcperiaental

Optical Absorption : The absorption measurements were .nade in

a 2,0?̂  protein solution in the standard acetate buffer. The  ̂

concentration o f the metal ion was 0.005M for Cu'*"*‘, 0.05M for 

Co'*"*’, and 0.05M for Ni'*"*’. With the esterified  derivative, 

however, a 1 .0  ̂ solution was used (a 2% solution had considerable 

opalescence) with a corresponding reduction in the concentratloa 

o f the metal loa studied. Protein solution without the ffietal 

ion were used as blanks. The measurements were made at room 

temperature with a Beckmann Quarts Spectrophotometer (model DU) 

using 1 cm. ce lls ,

aguilibrium Dialysis ; Pialysis bafs prepared from Visking 

sausage tubing were washed with boiling d is tilled  water. 10 ml, 

o f IjTprotein solution (in  the standard buffer) were introduced 

into the dialysis bag. 10 ml. o f the buffer solution containing

* A note on the bintUng o f the cobaltous ion oy bovine serum 
albumins has been published ( J .Am.Ghem.3oc., T̂ ., 4867,(1954). 
The bovine serum albumin used was a g if t  from tjax (la te )
Pr. S.J.Cohn.
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various amounts o f the metal ion under investigation were 

introduced into a teat tube made conical at the oottom end.

The dialysis bag, tied at the top and with a string, was 

introduced into the test-tube so that the leve i o f the solutions 

on either side o f the dag was the same. The test-tube was 

then stoppered with a rubber stopper and placed in position 

in a wooden rack fitted  over a water thermostat in such a 

manner as to maintain the solutions at the thermostat temperature, 

The rack was given a to and fro moverrent by a suitable raechanical 

arrangement. A sraall polystyrene jead placed in the dialysis 

bag also assisted in stirring the protein solution. A period 

o f 24 hours was found to be sufficient lor the dialysis to 

proceed to equilibrium. The equiliorium solutions were then 

analysed for their tota l raetal ion content, the diflerence in  

concentration divided hy the protein concentration being a 

quantitative estiinate o f r, the number o f metal ions bound per 

protein molecule. Ho corrections were made for the Donnan 

e ffec t.

0.5 ?̂ protein solutions were used for studies 

involving the oinding o f copper ions by the serum albumins.

The binding o f copper and cobalt ions was studied at 25  ̂ 0.1®C 

and that o f zinc and cadmium ions at 30 -

Bstimation o f copper s The concentration of copper ions was 

determined by the method o f iVoelfel^^^^ using carbon disulfLd« 

and diethanolamine as the coloring agents, 4.0 g. of 

diethanolanine and 1.0 ml. o f carbon disulfide were dissolved
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separately in 200 ml, lo ts o f dry methanol and mixed in equal 

proportions, Just before use, to give the reagent solution.

To an aliquot portion o f the solution to be analysed, 1.0 ml. 

o f  the reagent solution was added and the solution made to a 

known volume with an acetate buffer o f pB 5.0. The buffer 

medium o f pH 5.0 was necessary f^r an optimum development of 

the color. The yellow color produced had a maximum absorption 

at 430 m^ . Absorption readings were taken against blanks 

containing: the reagent and the buffer solution alone. Beer's 

law was found to be valid upto at least 4 ppm. The colorimetric 

standardization curve was obtained with known concentrations o f 

copper ions. The presence o f the protein did not interfere 

with the estimation,

Estimation o f cobalt : Cobalt was estimated by the method o f

Yoe and Barton^^^  ̂ using sodium -nitroso-oc-naphtholate 

as the coloring agent. The reagent solution was prepared by 

dissolving 0,1 g, o f^ -n it r o s o -  oc-naphthol ia 20 ml, o f 

boiling water containing 1 ml, o f molar sodium hydroxide, and 

diluting the solution to 200 ml, after cooling. The procedure 

used for the development o f color was as follows : To a

portion o f the solution to be analysed, 1.3 ml, o f 3M ammoniuiB 

c itra te  and 1,3 ml, o f 2M ammonium hydroxide were added. The

solution was then diluted to 20 ml, with d is tilled  water, 1,0 ml, 

o f the reagent solution was then added and the volume mad« to

25 ml, A wine red color vdth an absorption maximum at 550 myw, 

was thus developed. Absorption readings were taken agaimt
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a blank solution containing the reagent, afflmonitui citrate and 

antmoaium hydroxide only. Beer's law was found to be valid 

upto 1,0 ppm. At larger concentrations of the metal ion, 

however, the cobalt-reagent complex tended to precipitate, making 

the absorption measurements unreliable.

It was found that the presence of the protein did 

not interfere with the estimation o f the metal. On the other 

hand, i t  had a distinct advantage in that the protein stabilized 

the metal-reagent complex thus extending the range o f estimation, 

2,0 ml, o f the reagent solution were, however, required for a 

complete development o f the color.

The colormetric standardization curve was drawn from 

standard solutions prepared by dissolving pure cooalt metal 

in n itr ic  acid, evaporating the excess acid and making to known 

volumes with d is tilled  water.

Estimation of zinc and cadmium : As the concenti^tion o f the 

metal ions in the equilibrium dialysed solutions containing the 

protein cannot be determined polarographically (see Chapter I I I ) ,  

blank runs were made alongside the experimental runs. The 

binding data were evaluated from a polarographic analysis o f 

the equilibrium-dialysed protein-free solution in the experimental 

run, and o f the blank solution.

Zinc and cadmium were estimated polarographically 

using a Tinsley Polarograph (Type 1?) with a conventional H-typ« 

c e ll. One limb o f the c e ll formed the saturated calomel half

ce ll, and was connected to the other limb containing the
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experimental solution (about 7 ml.), through a sintered glass 

disc and an ag'ar bridge. The limbs were joined through a GG 

joint. The experimental limb could thus be detached and 

cleaned satisfactorily. The cell was maintained at 30 i  O.I^C,

0.01?’ gelatin was used as a maximum suppressor 

wherever necessary. The buffer i t s e l f  acted as the supporting 

electrolyte. Oxygen-free nitrofen was bubbled through the 

solutions to remove dissolved oxygen. The polarograms were 

then recorded. The rretal ion concentration could thus oe 

evaluated from the measured diffusion current with a knowledge 

o f the constant C (sea eqn,19 p, 1 6 ) .

The constant C was evaluated Irom a polarographic 

analysis o f standard solutions of zinc sulfate and cadmium 

acetate in the standard buffer. The standard solutions were 

prepared by suitably diluting a stock solution the metal ioa 

concentration of which was estimated gravimetrically (zinc as 

zinc ammonium phosphate and cadmium as cadmium su lfate), The 

diffusion current was found to be proportional to the concentration 

o f the metal ion. The constant C had a value o f 3,99 JU.k per 

millimole o f zinc ion per l i t r e  (flow rate o f  mercury, m=83 . 26 mg, 

per second, drop time, t*2,3 sec per drop at E^* -1,02 vo lt ),  

and o f 7,99 /̂ A per millimole o f cadmium ion per l i t r e  (m*2,90 og. 

per second, t=2,67 seconds per drop at 3̂ = -0,60 vo lt) at 30®C.

The corresponding values calculated fro® the Ilkovic equation 

were 3,59 and 8,11 for the zinc and the cadmium ion respectively.

Results and riscussion 

Absorption Spectra : The absorption spectra o f copper, cobalt
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Wave length (m^)

Fig, 5 s Absorption spectra o f Copper-Albuaiin complexes 
in acetate buffer pH 6,5 A 0.20);

I 0.005 K Cueij,;
I I  0.0025 !». Cuclg + 1̂  iSSSA;

I I I  0.005 K CuClg + 2% NBSAj 
IV 0.005 M CuClg + ABSA.



Wov« l«ngth (m̂)

Tig, 6 t Absorption ^jpectra of Cobalt-Albumin ccwJiplexes 
in acetate buffer (pH 6,5 & ^  * 0,l?0).

I 0.05 M Cofilg in d istilled  wiater;
I I  0,05 V ::oeig, in tie  buffer;

I I I  0.05 M CoClrj in the buffer + 2  ̂ HB3A;
IV 0.05 M CoClg in the buffer + 2t NBSA.



7 : Absorption ;H)OCtra o f Nickel-Aloumin complexas
in acetats buf'fer ( 6 . 5  i  0.?0),

I D.C3  ̂ N ieij in dlntilled v?ater;
I I  0,03 M K ie ij in sjcetsAte buffer;

I I I
IV

0.03 H NiCl^ in buffer i- ' N'33A| 
in buffer + 2'  ̂ A33A.



and nickel Ions along, and in th« presence o f the serum albumins 

are ^vcn in Tigs, 5,6 and 7 respectively. The spectra o f 

Tig,5 are similar to those reported by Klotz and Tiess^^^^,

It is evident from Tig.5 that the absorption increases in the 

order ABSA> NE3A> KB3A, and corresponds to the binding ab ilit ies  

of these proteins l o r  the cupric ion. The wavelength o f 

maxitnum absorption ia also shifted towards lowar wavalengths, 

the shift being- of the same order for the three proteins (T ig .5). 

This behaviour is in contrast to the observations o f Klotz and 

Tiess who reported that, whereas a 66*̂  esterifled serum albumin 

led to an Increase in absorption of the same order as for the 

native albumin, the absorption peak was shifted to even shorter 

wavelen/rths.

The absorption spectra of copper -  albumin systems 

suggest, therefore, that boncing occurs with the nitrogen- 

containing groups, prisumably the imidazole groups, o f the 

serum albuTrin molecule. The absorption spectra o f the cooalt- 

albufflin systems (7i^,6) are, however, markedly different in 

that they exhibit only an increased absorption without any 

noticeable shift in the wgvelength of maximum absorption. 

>urthermore, the addition of the estarified derivative had no 

effect on the ajsorption spectrum o f the co>altous ion. It  

vtould thus appear that the free carboxyl groups o f the protein 

molecule are responsible for binding the cobaltoua ion and that 

Co..,.fi linkage is not favoured.

The flfjsorption spectra o f nieke 1-albumin systems 

( tifr,7) are similar in every respect to those o f the corresponding
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cobalt-albunia fjhstoms. A coaparlson o f Jlga 7 and 6 rtveals,
• JT• ■ ■ 4

fUrthermorei th«l the ,#ffect o f the proteins on the absorption 

was somewhat les3 in the former than the la tter. I t  seems 

reasonable to conclude, therefox'e that the ab ility  o f serum 

albumin to bind the nickel ion is  somewhat leas than that for 

the cobaltous ion and that the binding involves the free carboxyl 

groups o f the albumin molecule.

Binding Data : The equilibrium dialysis data for the binding

o f  copper, zincy cadmium and cobalt ions by bovine serum 

albumin are represented in f i g .3 as plots o f r v^ log A. 

Similar plots for the acetylated and esterified derivatives 

are shown in Ti/?-.9 (copper), Pig. 10 (z inc ), Iig.11 (cadmium) 

and Tig. 12 (cobalt). The esterified derivative did not oind 

the cooaltous ion at a l l ,  emphasizing once again the role o f 

the free carboxyl groups o f the protein in binding this ion. 

Esteri■'ication of the serum albumin also led to a considerable 

decrease in the binding o f the cadmium ion. The binding o f 

the zinc and the copper ion was, however, only slightly affected 

oy esteriflcation, and may possibly oe attributed to aa 

increase in the net positive charge on the protein conseciuent 

on esterification. The increased binding ab ility  o f the 

acetylated derivative may likewise be attributed to an increased 

net negative charge on the protein consequent on acetylation.

An examination of the shapes of the r vs log A 

curves reveals some interesting features of the interaction 

process. Thus, fo r  example, the curves represented ia Iig,9

*
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Hg.13A : Plots o f  A iDg A ^  r (au-ul^jA syatem 
beinff the r e f e re a c e  system;!).

I Cu-SB'-’ ;\j
I I  Cu-SBSA;

III 2 n- AR'A;
IV Ca-A3SA;
V Co-ABS.\;

VI CO-NBSA, 
retferto t îe correspondinf calculated 
bindLn/? curves.



Tig,13P t Plots of A lofF V3 r (Cu-r»33A system 
bein^ thft reference aystorn),

I Zn-NHSA;
I I  cd-:msA, 

refer to ĥe correaporaiinr calculateci 
binding- curves.



are nearly parallel to each otherj curve I I  may be obtained by

shifting curve I along the X -  axis by 0,48 (lo g  A) units and/
curve I I I  by shifting curve I I  in a similar manner by 0.16 

(log  A) units. Similarly, the curves given in Tig, 12 for the 

cob alt-albumin systems may oe regarded as nearly-parallel to 

each other. This state of a ffa irs  does not seem to obtain in 

the systems involving zinc and cadmium ions. Take, for example, 

■Pig.10 wherein curves I and I I  diver/?e from each other as more 

and more metal ions are bound. An over-all picture o f  the 

relationship between the various metal-albumin systems, in so 

f&r as their r vs log A curves are concerned, is  well 

represented in Tig, 13, Tor this purpose, the system t copper -  

NBSA (curve I I ,  Tig.9) was taken as a reference against which 

a ll  other systems were compared. The difference in log A 

between any experimental curve and the reference curve at given 

V9lues of r were plotted as A log A V9 r { f i g a ,  13A  ̂ B), I t  

may be noticed that the A lo g  A vs r curves for the systems : 

Cu-ABSA, Cu-BBSA, Zn-ABSA and Cd-ABSA are nearly parallel to 

the reference curve except possibly in the low binding region.

The correspoadlng curves ^or the systems, Zn-NBSA and Cd-NB3A, 

have a positive slope which is less in the former than the 

la tte r  (Tig,13B), The A log A vs r curves for the systems 

Co-ABSA and Go-ISBSA, though parallel to each other, have a 

negative slope. Ignoring for the present the cobalt-albumin 

systems wherein the free carboxyl Groups o f *he protein molecule 

appear to be the reactive sites, the systems involving the 

binding of copper, zinc and cadmium ions do not seem to be
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equivalent. Such an equivalence would be expected i f  only the 

imidazole groups o f the protein were the reactive sites,«
Statistica l considerations : An analysis o f the binding data

«
in terms o f equations 13 and 14 (p. 8 ) reveAls that the data

cannot explained on sta tistica l considerations alone.

Representative 4* vs r and •! vs i  plotgare given in ?ig.14A & B,A r  “ “  A
These plots have a common leature in that they are linear for 

the f ir s t  few metal ions bound and then deviate from linearity.

The linear portion may, however, be usefully employed for aa 

evaluation o i  the intercept nk (= "the y-axi^. An

evaluation of n (intercept on the X-axis) is rendered dif:fi.cult 

in view o f the shape of }[s r curves. An extrapolation 

o f the experimental curves (T ig .14) was, however, made for a 

rough evaluation of n. The values o f n thus obtained may 

ae regarded aa a lower rather than an upper lim it. The values 

of the two intercepts are given in Table VI,

Table - VI
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P + M -  fM,

Copper Zinc Cadmium Cobalt

log n log k̂ n log k̂ n log k̂  n

SBSA 5.17 19 4,?1 18 — mm —  ^

NESA 5,57 13 4,64 18 4,63 (7) 3,00 >50

AB3A 6,08 13 4,62 18 4,53 13 3.13 >50



I t  is  evident from Taole VI that t>ie ao ility  o f the 

protein to bind metal ions, as,evidenced by the values o f  the 

firat association constant, changes in the order ABSA> NBSA >BBSA

for a given metal ion, and copper> zinc >cadmium >cobalt

( > nickel) for a given protein. In the interaction involving 

the zinc and the cadmium ion, however, the values o f  the f irs t  

association constant, , are nearly the same fOr the native 

protein and its  acetylated derivative. Such a result ia, 

o f course, to oe expected from the differences in the shapes o f  

the respective r vs log A curves. I t  seeras, therefore, that

the nufflber of reactive sites or, alternatively, the ab ility  o f

the sites to react with the zinc and cadmium ions may not be 

the same for the native albumin as for its  acetylated derivative. 

The re lative ly negligible ab il ity  o f the imidazole groups o f 

the esterified derivative to react with the cadmium ion and 

their complete lack of ab ility  to bind the cobaltous ion give 

pointed support to the above conclusions,

v.e do not intend, at the present stafe, to discuss

the significance of the number o f the reactive sites, n,
rextrapolated from the J vs r curves. An n value of 13 

does, however, suggest that the 13 imidazole groups o f  the 

albumin molecules 'nay be responsible for binding copper, zinc, 

and cadmium iona, "imtlarly, an n value of 50 or more for 

the cobalt-albumin systems suggests the free carboxyl groups 

o f the protein as being essentially responsible for binding 

the cobaltous ion.
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Electroatatic Interaction : As the binding data do not f i t  the

statistica l equation, the electrostatic interaction term was

also taken into account. We have ^ollowed the method developed
(12  ̂ * by Klotz' ' as i t  involves no assumptions as to the charge on

the protein molecule. With the values of and n given

in Table XI and with suitable values o f A. F , theeiec.
v'3uccessive association constants were calculated from. ©qn.15

(p 9 ) and the binding data from oqn,11 (p. 8 ) ,  With

successive approximations the value o f was arbitrarily

reduced to rive the best possible f i t  between the calculated and

the experimental binding data, n «as and Klotz^^^^ have

reported th-at with n = 16, k^= 1,57 x 10 ,̂ and a A

about 25 cal./mole, the calculated data fitted  well with the

experimental data for the binding o f the copper ion tjy serum

albumin in an acetate buffer o f p.H 6,5, The data calculated

on the above basis are plotted in Fig, 15 together with the

experimental data. The f i t  does not appear to be very good

especially in the low binding region. I f ,  however, we assume

that the binding data in this re^^on is subject to large errors,

the f i t  may be refrarded as fa ir ly  good.

We have made calculations of the type illustrated

above on the following basis. An n value o f 50 was assumed

for the coo&lt-albumin systeTis, and o f 13 for others. The

ATqI qc calculated on the assumption that the metal uptake

involved the singly charfred MAc'*’ ion which njay be largly present

in 0.2M acetate solution, Sarlier workers have also made such 
(13 ?4̂assumptions' * We have, however, used a A T ,  value o felec.
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40 cal, per mole (calculated value 35 cal./mole) in view o f  

the possibility that a small fraction o f the uptake may involve 

the ion. The assumed values o f are given in Table VII.

Table -  VII 

p + M PM̂

Values o f Log k̂

-  44 .

Copper nnc Cadmium Cobalt

SB3A 5.00 5.93 — —

NBSA 5.1S 4,04 4.00 3.04

ABSA 5,69 4,54 4,?0 3.20

The extent of the f i t  between the calculated and the experimental 

binding data is indicated in Jig, 15A & B, The calculated 

curves in Tig, 13A & B are a l l  nearly parallel to each other 

and slope downwards. Disregarding the low binding region, 

the f i t  may be regarded as fa ir ly  /?ood for the systems j 

Cooalt -  ABSA, Cobalt -  KBSA, Cadnjium -  A33A, Zinc -  AB3A,

Copper -  ABSA, Copper -  NBSA, Copper -  E8SA ( I lg .IS A ), and 

particularly bad for the systems ; Zinc -  NBSA, Cadmium - NBSA 

(and zinc -  EBSA, Not shown in Pig, 13B), In the la tte r  systems,

no single set of values for n, and » howsoever varied,

seemed to f i t  the data.

We have assumed in the above discussion that the 

charge on the protein molecule increases uniformly with the



uptake o f  metal ions. It  w ill  be shown la ter that, with the 

posglble exception of the cobalt-albumin 3yste»ri3, such a situation 

does not, in fact, obtain (see Chapter IV). It w ill also be 

shown that the value o f  n assumed for the interaction o f  

' bovine serum albumin with copper, zinc and cadmiusa ions bears 

no relationship to reality (see p .7U )» above calculations,'

however, serve n useful purpose in that they point out clearly

( i )  that the cobalt-albumin systems may be explained adequately 

In terms o f an interaction with the free carboxyl groups o f  the 

protein and ( i i )  that the binding' o f  zinc and cadfflium iona oy 

bovine seruin albumin cannot be explained on the basis o f a 

resection with imidazole groups alone. It w ill be shown la ter 

that the other systems investigated by us fa l l  into the la ter  

category (see General Biscussion),

A tacit assumption has been made in the discussion 

outlined above that the interaction with a aetal ion occurs at 

a sin'“le set o f equivalent sites. In view o f the experimental 

data, i t  seems to us that this may not oe the case particularly 

in the interactions involving the imidazole groups o f the serum 

albumins.

Intrinsic Association Constants : An evaluation o f the appaz^nt

(uncorrected for the charge on the protein molecule) intrinsic 

association constant from the firs t association constant, , 

(Tai:>le VI) involves a knowledre of n, the number of sites on 

"he protein Trolccule available :̂ or reaction with the firs t 

metal ion. It  is not unreasonable to expect, however, that
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ths aumber o f  dissocifttedi functional groups, especially the 

Imidazole groups, w ill not be the same in the serum albuain 

as in i ts  derivatives even though the tatal number o f imidazole 

groups (dissociated and undissociatsd) be the same. We shall 

therefore postpone an evaluation o f  the intrinsic association 

constants until after the nature of the metal-protein inter

actions becomes soaewhat clearer than i t  is at present.

Competition Studies ; In the corapfetitioa sxperiments to oe 

described belovr, it  may perhaps oe useful to keep in mind the 

results obtained by earlier workers to the effect that the 

iBiidazole groups of the serum albumin molecule are essentially 

responsible for binding copper, zinc and cad/nium ions at the 

physiological pH.

( i )  Competition between zinc and cooalt. The 

binding of the cooaltous ion by the bovine serum aloumin was 

found to remain una^iected in the presence of the zinc ion.

It is  suggested, therefore, that the binding of cobalt and zinc 

ions involves different sets of sites, ouch a result is, 

o f  course, to be expected in view o f the experinisntal evidence 

as to the interaction of the cooaltous ion with the free 

carboxyl gnjups of the protein.

( i i )  Competition between zinc and cadmium ions. Two 

sets of pxperiments were conviucted. In tne firs t  set, the 

ratio o f the total cadmium to tota l zinc was kept constant

(at unity). The relevant r v^ log h plots are shown in 

lijtr. 16A & E. it  may be noticed that whereas the binding of the 

zinc ion is only slightly affected by tne presence of the cadmium
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ion, that o f  the cadmiam ion ts considerably reduced especially

at large metal ion concentrations. It is reasonable to expect

therefore that, in a competition between zinc and cadmium ions

for reaction with the functional groups of serum albumin, the

successive association constants for the binding o f cadmium

ions are ref^uced much more rapidly than for the zinc ion.

In the second set o f experiments, the concentration

o f  one metal was kept constant and its  binding by the serum

albumin raeaaured with varyin,? concentrations of the other metal

ion (T ig .17). it  may be noticed 5rom Tig.17 that the ab ility

o f the cadaiun ion to combine with the functional groups is

reduced consi.^erably in the preaence of 9. re latively large

concentration of the zinc ion. It is tnerefore reasonable to

conclude, in conformity with the other data presented above,

t'lat the factors governing the binding of zinc and cadmium ions

by seru’Tfi albumin may be somewhat different for t:ie two systems,

( i i i )  Comoetition between copper and zinc (and

cadmium) ions. The total copper ion concentration was kept
-4constant at 2.0 x 10 M and that of the competing metal ion 

varied over the range 0 - 5.0 x 10 M. The results are shown 

in H.f. 18. It may be noticed that the number o f the bound 

copper ions is reduced appreciably in the presence of the 

competing metal ion. However, the effect becomes less 

pronounced as the concent ration of the competing metal is 

increased.

It has already been pointed out by us (p. ) that

the binding data cannot be explained in terms o f  an interaction 

with the imidazole groups o f the protein alone. The results
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Tig. 19 i Absorption spectra of copper-glycine complexes 
(acetate buffer pH 6.5 «S:v̂ =. 0*20).

I 0.005 M Cueij?
I I  0.005 M Cufilj + 0.005 M glycine;

I I I  0.005 M CuClj + 0.010 M glycine;
IV 0.005 M Cueig + 0.020 M glycine.
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described in (11) and ( i l l )  above, fa l l  into the same category,

A3 a f irs t  step, we may consider the ab ility  of the carboxyl 

groups o f the protein to compete with the imidaasole groups for 

binding metal ions. In view o f the re latively high a ff in ity  

o f iiBidaeole for copper, zinc and cadaium ions (see Table V), 

the uptake of the firs t  metal ion may be expected to occur at 

an imidazole group of the serum albumin molecule. As more metal 

ions are bound, however, the participation of the free carboxyl 

groups of the protein in the interaction process w ill oe expected 

to become increasingly pronounced. Furthermore, this participation 

w ill be expected to be in the order, Cd > Zn > Cu, opposite to 

that o f  the imidazole group. We are thus in a position, on the 

above basis, to explain, at least qualitatively, why the affect 

o f  zinc (and cadmium) on the oinding o f copper becomes less and 

less pronounced as the concentration of the former is increased 

(Tig, 18). The competition between cadmium and zinc ions for 

interaction with bovine serum albumin (Iigs.16 & 17) may be 

explained in a similar manner.

( iv )  Competition between glycine and serum albumin.

The binding o f the zinc ion by bovine serum albumin was 

affected but l i t t l e  in the presence of glycine. Glycine has, 

however, been reported to compete successfully with serum albumin 

for binding the copper ion^^^^. This difference in behaviour 

may possibly be attriouted to the nature of copper-glycine and 

zinc-glycine complexes under the experimental conditions.

Glycine forms strong complexes with copper (T ig .19), and, as 

such, would be expected to compete successfully with the albumin-



|ig.20 ; Absorption spectra o f Gobalt-Glycine complexes 
(acetate buffer, pH 6,5 0.20).

I 0.05 M Coei^;
I I  0.05 M CoClg + 0.05 M glycine;

I I I  0.05 M CoClg + 0.10 M glycine;
IV 0.05 M Goeig +0.20 M glycine.



Ratio of histid ine to album in

Tig.21 : jiffect o f Histidine on the binding o f  metal
ions by NBSA.

CU i o n s ;  C'Tet-eJ.

Zn ions* {̂ T'tixX A-*vio'̂ hi



Tig.22 ; Absorption spectra o f Copper-Histidine complexes 
(acetate buffer pH 6.5 & .A-= 0.20).

I 0.005 M Cuei^;
I I  0.005 M Cuei^ + 0.005 M histidine;

I I I  0.005 M CuClg + 0.020 M histidine.
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iraidazol*. The relatively negligible effect o f glycine on the 
• ,

ab ility  o f seru® albumin to bind the zinc ion may possibly be

attributed to 4a low a ffin ity  o f glycine for the zinc ion.

Whereas we have no direct evidence to support such an aasumption,

the absorption spectra o f cobalt-glycine complexes may be o f

particular interest (Fig. 20). A corapariaon o f F ig .^  with

Tig, 13 points to a strong possibility tnat the cobalt-glycine

complexes are o f the metal-acetate type and that the o<-amino

group does not participitate in coraplex formation. I t  is  not

unlikely ttest zinc may also forra weak complexes o f the acetate

type with glycine,

( v) Competition between histidine and serum albumin.

Histidine was found to compete successfully with the functional

groups o f serum albumin for binding metal ions. The effect

was more pronounced on the binding o f the cupric than o f the

zinc ion (Tig, 21), The copper-histidine complexes are

exceptionally strong (T ig ,22), and involve chelation through
( 27)the imidazole and the o<-amino group o f the amino-acid \

On analogy with the zinc-glycine complexes (see ( iv )  above), 

we may assume that the o<-amino group o f histidine does not react 

with the zinc ion at pH 6,5. The stab ility  of zinc-histidine 

complexes w ill ,  therefore, be expected to oe o f the same order 

as that o f the zinc-imidazole complexes. The relative ease with 

which histidine can remove -the copper as compared to the zinc 

ion from the respective metal-serum albumin complexes may 

possibly be explained on the above basis.



A few broad conoXusions may be derived from the 

results reported in this chapter. They are

( i )  that the interaction o f bovine serum albumin 

with the raetal ions investigated follows the order, Copper >Zinc> 

Cadmium > Cobalt (>  nickel) ;

( i i )  that the binding o f copper, ziac and cadmium 

ions involves, in the in it ia l stages of the interaction at least, 

the imidazole /rroups o f the serum albumin molecule;

( i i i )  that the binding data cannot oe explained in 

terms o f  an interaction with the imidazole groups alonej

( iv )  that the participation o f the carboxyl groups 

in the interaction process raay oe pronounced;

(v) that this participation follows the order

Cd >Zn > Cu;

(v i)  that the uptake of the cadmium ion becomes 

negli/^ibly small i f  the free carboxyl groups o f serum albumin 

were olocked;

and (v i i )  that the cobaltous ion is bound essentially 

at the free carboxyl groups o f the serum albumin molecule.

-  50 -

—0—0—0-



-* c H A P T 3 R ! I l l

PQLAROGRAPHIC STUDIES

The Interaction o f zinc and cadmium ions with 
bovine serum albumins.

(acetate buffer, pH 6.5, ionic strength 0.20)

It has ;)een indicated earlier (see Introduction p./6 )

that the bindinr data can be evaluated with a knowledge o f
t^d^constant <=c and of the ratio o f  the diffusion currents

of the metal ion with and without the presence of the protein
{ ?6 ^(equations ?4 and 25, p . 18 ). Saroff and Mark̂  ' have shown 

that for the aystem zinc-I'iDoA, at pH 6.1, the binding data thus 

evaluated, using an =< value of 0.50 agreed llairly well with 

that obtained from equilibrium dialysis in the low binding 

region only. It is our object in this chapter to find out 

whether or not the pola^o^r^aphic measurements in buffered 

solutions yield binding data comparable to those obtained Irom 

equiliorium dialysis and whether such measurementa give any 

additional information as to the nature of nietal-protein 

int-:;ractions. A knowledge of the constant is necessary for 

this purpose. The only reliable determinations o f this 

constant are those of Tanford for the systems, Gu-NBSA (o< »  0), 

Zn-NB3A (o<= 0.10), Cd-HS3A (<< = 0.13) and Pb-NB3A (^  »  0.20).

The method employed by Tanford has been discussed fully in the 

Introduction (see p. 16). For reasons which w ill become
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LOG [totalzn’̂ ]

Tig.23 : Sffect o f  the Albumins on the diffusion current
o f Zn̂ "̂  ions (acetate buffer pH 6,5 &{/<■ m 0.20;
30°C).

aBSA 

-O -  NB3A



oovioua l a t e r  we have p re ferred  to  obtain an absolute value of

under the experimental conc^ltions used. A single equilibrium

d ia ly s is  run « i l l  normally su ff ic e  fo r  the purpose. From the

d if fu s io n  currents given by the solutions on e ith e r  side o f  the

clialysis bag, raay be evaluated. Thus «< a A l ^ ^
C*r*Cp

where i^ (internal) and i^ (external) are the diffusion currents 

Piven by the equilibriura-dialysed solutions and C, r & Cp are 

as defined in Equations 19 and ?4. It  may be noticed that r 

may be evaluated from the equilibrium-dialysis experiment i t s e l f ,

ixperimental

The standard polarographic procedure detailed 

previously (see chapter I I )  was followed, iMeasureinents were 

made in the standard acetate buffer solution which acted as the 

supporting electrolyte. The protein concentration was kept 

constant at 1,05?, /.itrogen was bubbled through the solutions 

for 50-45 minutes to remove dissolved oxygen. The solutions 

were then ti-ansferred to the polaro^raphic c e ll  for the 

measurement of diffusion current. No naximum suppressor was 

required for these solutions. The constant °< was evaluated 

from separately conc-.ctsd eqailibrium-dialysis experiTienta,

All measurement3 Aere made at 30 ~ 0,1°C.

Results and Ilscuss ion

The values of . ■ arc represented in l i g , 23 as
d̂

a function of the logarithm of the total metal ion concentrition 

(Aq) ,  for the system Zn-NB3A and Zn-AB3A. 3irailar plots for
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LOG [ t o t a l  Cd’’ ’ ]

T ig .24 I E ffec t  o f  the Albumins on the d i f fu s io n  current 
o f  Cd'*”*' ion3 (a ce ta te  bu ffsr pH 6,5 0.20;
30°C).

- e -
_ 0 ~

ABSA; 

NBSAj 

ĵ BS A •



the cadnium-seruni albumin systems are shown in Hg. 24. It  may 

be noted that the acetylated albumin causes a much larger 

reduction in the diffuaioa current than the native protein due, 

no doubt, to the greater binding of the metal ions by the 
*

acetylated derivative. The esterified derivative does not seem 

to have much ability  to bind the cadmium ion - a conclusion 

supported by equilibrium-dialysis experiments described in 

chapter I I ,  Similar experiment a for the system Zn-SBSA, however, 

were not successful as the ester shifted the potential for 

hydrogen-ion dischar e to the v ic in ity of that for the ainc ion, 

rendering the polaropraphic estimation of the requisite diffusion 

current impossible. It  has, however, been shown earlier that 

the esterified derivative has nearly as much binding power for 

the zinc ion as the native protein (Chapter I I ) .

The constant oc was determined and found to be 

independent of the metal ion concentration over the range 

1.0 X 10 M - ?,0 X 10 M. Measui^ments at larger concentrations 

o f  the n?ctal ion were, however, less reliable . Tne relevant

values o f for the s^atems studied are shown in Tajle V III.

Table -  V III

The values o f  c< in an acetate buffer (pH 6.5 and 
ionic strength O.TO) at 50°C.
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Cd*^

NBSA 0.22 i  0.03 0.30 i  0.02

AB3A 0.20 i  0.03 0.23 i  0.01



( V p
With the values o f — ( Ti gs. 23 & 24) and o f

d
the constant ©C (Table V III) i t  is easy to evaluate the bindiag 

data, Good agreement is indicated with the binding data 

obtained from equilibrium-dialysis (3ee Fig. 3, 10 & 11). I t  

may be remarked that such an agreement between the polarot^raphic 

and cquilibrium-dlalyais data is only to be expected in view 

o f the fact that the constant «><;. has oeen evaluated ft*om 

equilibriuffl-dialysia experiments. This drawback does not, 

however, v itia te  the auitability o f  the polarographic method in 

that a sin/ETle equilibriura-dialysis experiment is  often sufficient 

for an evalurstion of o< , ’'^urthennoire, the binding data 

calculated from the polarographic measurements are re latively 

insensitive to appreciable errors in the value o f  . It  may 

also be pointed out that polaroi^raphic measurements may 

conveniently be employed to extend the binding data towards 

lawyer metal ion concentrations where equilibrium-dialysis 

experiments are both tedious and unreliaole requiring frequent 

repetitions. With the added advantage o f quick measurements, 

the polarographic method kas everything to recoTnmend i t s e l f  

wherever i t  can be used.

It may bn o f interest to speculate on the nature 

o f the constant <  , 3aroff and !*<ark̂ ^̂  ̂ had equated this 

constant to the square root of the ratio of the diffusion 

coefficients of the protein and the metal ion; thus

-  54 -
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D albumin

D metal ion

Trom the data of Champagnê ^̂  ̂ the diffusion coefficient o f



pH

7ig.?5i : i i f fe c t  of pH on the binding o f  Zn̂ '*' ions by
NBSA. (a ce ta te  buffers o f  t/̂ = 0.20; t o t a l  
Zn'*"*’ ion  concn 1,0 x 10“  ̂ Mj Protein concn 1?)



MBSA at pH 6,5 is 6.0 x 10“**̂  cm^/aec at 20®C. The polarographic 

diffusion coefficient o f the zinc and the cadmium ion is 

0.65 X 10“  ̂ cmVaec at 20®C Thus, the value o f should

be o f the order o f 0.30 which compares favourably with the 

expsrimental values of 0.22 for zinc and of 0.30 for cadmium 

(see Table V II I ) ,  It  would thus aTpear thiat the contribution 

o f the irsetal protein ion to the diffusion current is governed 

lar£-ely by the diffusion coefficients of the protein and o f the 

rretal ion.

That the ajove is not a completely true picture of the 

nature o f o< is revealed by the fsct that its  value is affected 

by pH in a iranner con+rary to v.'hat should be expected from a 

consideration o? the diffusion coefficients sloiie. A few 

experiments were conducted to study the effect o f pll on this 

constant and on the binding? o f zinc ions by NB3A. The binding 

studies were cjade at pH 5.60, pli 5.93 and pH 6.50 in an acetate 

buffer o f ionic strength 0. 20.Keeping the pi’otein concentration 

fixed at I f  and the zinc ion concentration at 1.0 x 10“ ^M, the 

extent o f the bintUng and the value of^v.ere determined by 

equilibrium dialysis supplemented by polarofraphic measurementa. 

'̂ he binding data are plotted in Hr. 25; the values of o< are 

p-iven in Table IX,
Table -

The effect o f pH on the value of constant lor the 
systems Zn'̂ ' -̂WBJA & Cd‘̂ '*’-NB3A

• 55

pH Zn'̂ '*’

5,60 0,37
3.3J 0.35
6.50 0.22 0.30

limiting value 0,10  0.18
(Tan ford)



Champagne' ' has reported that in the pH range 5,95 -  7.40, the 

diffusion coefficient o f NBSA increases slightly  with pH, This 

should result in a slight incj^eaae in the value o f  ^ with an 

increase in pH, a conclusion which ia contrary to our ouservations. 

That the value o f oi does, InfSact, decrease with pH is supported 

oy the fact that the values reported by Tanford are appreciably 

less - a reoult which may De expected from an extension o f our 

data (Table IX) to pH values hi-'her than pH 6.5. It  would thus 

appear that the suita:2i l i t y  o f the liJtiiting method o f Tanford^ 

for the evaluation of c< needs to be reconsidered for the simple 

reason that this constant is pH-dependent,

It is obvious, therefore, that whereas diffusion muy

play a predominant role in determining the value o f °< , there 

aay be other factors involved which rovern i ts  pH -  dependence.

It  is d if f leu lt ,  in the present state o f our knowledge, to 

comment on these modifying factors,

fe shall now t iy  to evaluate the intrinsic association 

constants for the binding of zinc and cadmium ions by serum

albumins. It  is easy to calculate from equation 21, the value

o f  — -for a system in which half the metal is  free and 

the other half protein-bound. ?or a reneral system in which
^̂ d̂ Dthe frsiction o f the metal ion bound is x , the value of —

. 56 -
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'na,7 be obtained from the equation :
•d

(1 -  X) + X “^ .............. (27)

■Prom the value o f —5—^ thus calculated i t  is  possible to
d̂
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read o f f  the corresponding tota l metal concentration, k , from
( i  )

the corresponding — va curves. The free metal ion
d

concentration, A, w ill thus be A (1- x ) .  '̂ 'he number o f  metal
xA.

ions, r, bound per mole protein w ill oe ■■ -a —

?e may now proceed to discuss the metal serum albumin 

interaction in teras of a competition oetween the hydrogen and 

the metal ion -̂ or coinbininfi' with the eighteen imidazole groups 

o f protein irolecule, ’’’bus,

r

7 1  7 Z  7 7  “
kSx™ .............. ( 22)

and ---------------  • k® ...........(25)

( " t—

where the various terms are as descrioed prsviously (see p. 17 ) .

Tor an evaluation of -he intrinsic association

constant for the interaction uf the metal ion with the imidazols 

groups o f the albumin molecule, values o f r...I] xIB
corresponding valuas o f r must as known, Tne values of the'

other terms in eqn.22 are obtained on the assumption tnat the

metal uptake involves a singly charged (MAc)^^ complex ion.

This is a reasonable assuoiption in view o i  the similar postulates

made oy earlier workers. ;>e then have a value of 0,03 lor w

aa calculated from the Debye-Huckel theory (eqn.18), Zp may
0 0simply be aeiined as Z.p = ?p+ r̂^̂ where is the cnarge on the

protein, assumed to have a value o f -16 :<or hBSA and -39 for

AB3A (see Chapter 1), value of 6,10Mim nUn
(Taole V), It is thus possible to evaluate n^^frorn e(in,23
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Fig. 26 A : Sffect o f Cd'*"*' Ion uptake on the intrinsic 
association constants for interaction with 
the albumins (acetate buffer pH 6.5 &

» 0 . 20).

-O— NBSA;

ABSA.



P : Effect o f In*’* ion uptake on the intrinoic 
association constants for interaction with 
the albumins, (acet;ite buffer pH 6,5 and 
.a: s 0, 20) .

~ 0 ~ N33A;

AH3A.



and eventually the intrinsic association constant from

eqn«22.

The detailed calculations together with the values

of the intrinsic association constant finally obtained, for

various fractions of the total metnl ions bound ay NE5A and

ABSA are riven in 'I’able X-A &. 3. The log r

(?rrphs are shown in Tigs,?6-A B, It is obvious fî om Tlg8,26A

(C r that systerii, decreases with the number

of netal ions uounc by the protein. This decrease is auch

more rapid for the metal -  NB3A than for the '^etal -  ABv̂ A systeflia,

A comparison o1 the curvcs r,ivcn in 7.Lc.2S-i\ witn tne

correspond inf': curves of H r .  263 fur her reve-'Io tnat the

cecrcaseG 3iuch more rapidly :for the systems Involving the cadmium

ion thiin for thoLse; involving the iiinc ion.

Tan ford has reported that ^■he values of for

th€ binding of the zi.-.c and cBdmiu'" ions by the imidazole groups

of scruK albumin retrain practically unaltered at 25'/', ^0/< -ind 
/

75?’ corn;)!nation , As the systeius investigated by Tanford

covered only c. narrow ranfe (0.5-1.7) of r, it is likely that

the effect of r on " le value of k® may not ĥ v̂e beenMim
noticed, A decrease in k°j^  ̂ 5or tae system;, ;:u-J3.JA, was 

however, observed by Tan-ford.

It is reasonable to expect taat i f  the sictal ion is  

bound by the imidazols rroups o f  the albumin TioleGule alone and

-  58 -

further i f  a l l  the imidazole rroups are equivalent, Ihs value
o
Mlmo f the intrinsic association constnnt, k^_ rjhould not oe



influenced by the amount o f metal iona taken up. In vi«w o f

the results described aoove, it  is  probable that either or both

o f the following may be operative in reducing the value o f  k®.
MXn

calculated on the basis o f the imidazole groups being the 

reactive sites.

( i )  All the eighteen imidazole groups may not be

equivalent

( i i )  The contribution o f competing functional groups, 

possibly the carboxyl -̂roups o f the protein molecule, may become 

pronounced as more and more metal ions are taken up by the 

protein.

An extrapolation of the cuarves of Fig,26-A & B to 

r a 0 leads to the conclusion that the intrinsic association 

constant of the cadmium-alburain and zinc-albumin systems has a 

log ^Mlm value of approximately 3.1. This is only a l i t t l e  

larger than the values reported l o r  the f irs t  association 

constant o f imidazole with zinc and cadmium ions (see Table V).

It  is, therefore, reasonable to conclude that the in it ia l  stages 

o f the binding process involve the interaction o f the cadmium, 

zinc (and copper) ions i t  the imidazole sites o f the albumin 

mole cute. As the number o f  bound riietal ions increases, however, 

the contribution of the imidazole groups to the interaction 

process may be reduced for reasons enumerated above,

- 0- 0- 0 -
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ELECTKQPHORSTIC MOBILITY STUDIES 

(Acetate buflftr, pH 6.5, ionic strength 0,20)

: C H A P T iS R -  jy  :

I t  has already oeen pointed out (see p.JLo ) that the 

electrophoretic mobility method has been used to follow complex 

formation between proteins and anions, Iktty acids, determents 

etc, and also that this method does not appear to have been 

used for a study of metal protein interactions. It is  our 

object in this chapter to investigate the effect o f the binding 

o f  copper, zinc, cadmium and cobalt ions on the electrophoretic 

roobility o f bovine serum albumin and its  derivatives,

axperimental

The mobility measurements were made in the standard 

acetate ouffer, protein solutions were used. Complexes

o f the metal with the protein were prepared by adding suitable 

amounts of the metal -  calculated from the binding data -  to 

the protein solution. Requisite metal additions corresponding 

to the free metal ion concentration in equilibrium with the 

metal-protein complex were made to the buffer solution. The 

boundaries were formed between these two solutions. The 

solutions on either side o f the boundary thus correspond to 

those obtaining in the equilibrium dialysis Aith a possiole 

difference in that the buffer concentration was identical in both 

solutions,

-  60 -



The nobility measurements were made in a Tisellua
( Rfi ̂

Electrophoresis Apparatus (Perkin-Slwer model 58) using
(57)the scanning system devised by Lon^sworth' . A 2 ml. c e ll

was used. The experiments were conducted at 0,5^0, The 

standard procedure for the fonuation o f boundaries was enployedl^^^
«

After thermostatin 5̂ the ce ll assembly in the bath for 2r3 hours, 

the boundaries were brought into view with an automatic 

compensating device and their in i t ia l  positions photographed.

The positions of the boundaries v?ere also photographed at 

regular intervr-jls during the electrophoresis run. The runs 

were usually made for 1 -3  hours depending on the nature o f  the 

protein. Mobilities were calculated from the displacements 

in the descending boundary. Only those runs in which the 

displacement o f the boundary was a linear function of time 

(at cpnstant current) were used for the evaluation o f mobilities. 

The evaluation o f  mobility involved an accurate 

measurement o f the current passing through the c e l l .  For this 

purpose a standard resistance was inserted in the circuit in 

series with the cell; the potential difference across the 

standard resistance was measured accurately with a potentiometer. 

The current passing through the ce ll could thus be measured 

to -  0 . 1 The mobility may evaluated from the simple 

relation

d A K

-  61 -

where is the aobility in cm /volt/sec, d the boundary



Tig. 27 s affect of the binding o f metal ions on the 
electrophoretic mobility o f SBSA (acetate 
buffer pH 6.3 & 0.20; 0°C).

Cô "- (Cobalt chloride);
-< p - Cd̂ '" (Cadmium acetate);

zn*'*’ (Zinc sulphate);
-A - zn+^ (Zinc acetate);
-A - (Copper acetate);.



displacement in cma, t  the time in secs, A the cross-sectional
2

area o f  the ce ll ( 0,3 cm ) ,  K the specific conductance o f  the 

protein solution and i  the current in amperes. The 

conductivities of the protein solutions were loeasured at Ô C 

with a Leeds & Northrup Conductivity Brid̂ ê using a conductivity 

c e ll  with a cell constant o f 12.6, The conductivity ce ll  had 

a capacity of about 0,5 ml.

The boundary displacements were measured from the 

schlieren patterns with a travelling microscope. In the systems 

involving in^lomogeneou3 proteins, such as the acetylated B,3,A,, 

the schlieren patterns were enlarged and the boundary displacements 

measured from the firs t moment o f the entire gradient curve,

Analar cupric chloride and cupric acetate, Merck zinc 

sulphate, zinc acetate, cadmium acetate and cobalt chloride were 

used as the source of metal ions in these studies.

Results and riscussion

The electrophoretic behaviour o f bovine serum albumin 

and its  esterified and acetylated derivatives has already been 

described in Chapter I,

Metal -  NBSA System : The mobility increment, yU p)

is plotted in Tig,27 as a function of r, the numoer o f metal 

ions bound per protein molecules. I t  may be noticed from 

Tig,?? that the slope o f the A r curves, at least for

the f irs t  few raetal ions bound is positive for tne system Go-Ii<B3A 

and ch-^nges in the order Co-N3oA > Gd-N83A > Zn-«BSA, The
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corresponding curve for the systeaj Cu-IiB3A, however, showa a 

neffmtive slope - a result which is contrary to what should bo

expected from the uptake o f a metal ion by the protein. The

values of the slopes, necessarily o f a relative nature in view 

o f the shapes o f  A Jx liA ** curves, are given in Table XI for 

the in it ia l  stages of the binding process* As the metal uptake 

increases, however, the mobility of the protein is af#octed in 

a profbund manner by the nature o f the metal ion bound. Thus 

the mobility o f serum albumin tends towards a steady value as

more and more cobalt ions are bound. This is  in contrast to

the behaviour o f Cd-lj3S4 and Zn-N^SA systems wherein the mobility 

increases more and more as the value o f  r is increased, the 

effect being more pronounced in the former than in the la tter.

The mobility increirent for copper -  NB3A system beco?ces zero 

at an r value o f about ? and then becomes positive as more 

copper ions are oounc’ .

Table -

The effect o f metal-uptake on the mobility o f bovine
serum albumins.

(acetate buffer, pH 6.5, ionic strength 0.20)
The data refer to the firs t flew metal ions bound

Bound Metal NB3A ABSA SBSA

Cobalt 0.10 0.23

Cadmium 0,05 0,17

Zinc 0 0 0

Copper -0,17 0 0
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Tig. 28 I S^'fect of the binding j f  metal ions on t,he 
electrophoretic mobility of AB3A (acetate 
buffer pH 5.5 & ✓k: »  0.20? 0®C).

_ o _

CU (  cSJBor )̂



(̂ )

T ig .29 J Kffect o f the binding of Zn’"'̂  ions on the
electrophoretic homogeneity of AB3A (acetate 
buffer pH 6,5 & 0.20; 0°C). (Period
o f electrophoresis »  75 minsj fie ld  strength 
= 1.9 vo lts ).per cm.),

(A) r a 9
(B) r «  15.

( « )



(A)

FLg,30 : Effect o f the binding o f  Cu”’"*' ions on the
electrophoretic howop^eneity of AB3A (acetate 
huffQT pH 6,5 S:JC a 0.20) 0®0). (Period o f
electrophoresis = 75 rains; fie ld  strength 
a ?,0 volts per cm.).

(A) r «  2;
(B) r = 8.

(3)



Metal -  AB3A Syatema : The AyU vs r  curves for the metal-AB3A

systems are shown in FL/?. 28, The slopes of the curves in the 

in i t ia l  stares o f the binding process are riven in Table XI,

It may ê seen that the mobility increment is re lative ly  much 

more for ABSA than for NBSA in so far as the uptake of cobalt 

and caclmium ions is concerned. For copper -  kBoA and Zn -  AB3A 

systems, the mobility is  affected only slightly. As more and 

more cobalt ions are bound the mobility o f AB3A tends towards 

a steady state. The Cd -  AB3A systems behaves likewise, -  an 

observation which is in contrast to the electrophoretic behaviour 

o f  the system Cd - SBSA. The systems copper -  AB3A and zinc -  

ABSA d iffe r  markedly from the corresponding systems involving 

NBSA (compare Tigs ?7 * 23).

In the course of the electrophoretic investigation 

o f  the metal -  ABSA systems, i t  was observed that whereas the 

uptake of coualt and cadmium ions did not af^ect the shape o f  

the schlieren pattern o f the protein, the uptake of copper and 

zinc ions tended to make the protein electrophoretically 

homo#reneous. The phenomena are illustrated in Fig. 29 A & B 

for ssinc -  ABSA and FLg.30 A & B for the copper -  ABSA systema.

It  is  obvious from Tiga 29 and 30 that the protein becomes 

electrophoretically homogeneous with the uptake o f  about 3 copper 

ions and of about 15 zinc ions.

Metal -  EB3A Systems j The e ffect o f the binding o f zinc and 

copper ions by the esteri^ied albumin on its  mobility is  illustrated 

in Hg. 3 1 . As the protein has a high positive charge i t  ia
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Tig.31 ; Effect o f the binding o f raetal ions on the 
electrophoretic mobility of SBSA (acetate 
buffer pH 6.5 & 0.20; 0°G).

- o - (Zinc acetate);

- O ' Zn^+ (Zinc sulphate);

-  o - (Copper acetate).



Imperative that the metal be added only as metal acetate. Thua 

the addition o f 2n3ô  caused considerable decrease in the moMllty 

o f the protein indicating that the sulphate ions are bound by 

the protein. The addition o f zinc as zinc acetate caused only 

a sliirht reduction in the mobility. The binding data obtained 

with zinc sulphate are, however, identical vfith those obtained 

with zinc acetate (see Tig, 10). It may be noticed from f ig ,31 

that the mobility of i:B3A is  only sli^rhtly reduced by the uptake 

o f  copper and zinc ions. Gadmiuni and cobalt are bound l i t t l e  

by this protein and, as such, have no appreciable eflect on its  

mobility.

The above results su r̂gest that the elcctrophoretic 

behaviour o f metal -  protein systems is rather complex. I f  the 

binding: process were to involve the simple uptake o f a metal 

ion (possibly MAĉ  ion) the electrophoretic behaviour of a l l  

the systems studied 3hould have oeen identical i . e . ,  the mobility 

o f the metal protein complex should have been a linear function 

o f the number o f lietal ions bound.

The systems investigated by us niqy be classified, 

at least for the first few r.etal ions bound, as follows :

(1) Those which show a linear increase in mobility with the 

number of metal ions bound. Co-NB3A and Go-ABSA,

(?) Those which ihow either a slight decrease or none at a l l  in 

".he mobility, Cu-i5B3A, Cu-NB3A (Cu-AB3A), Zn-ii'BSA, 2n-AB3A.

(3) Those which are intermediate between (1) and (2 ). Zn-WBSA, 

Cd-N3SA and Cd-ABSA.
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It  seems to us that the above results may probably 

be explained on the basis o f +he effect of the metal uptake on 

the dissociation o f the various functional groups of the protein 

molecule and on the binding o f buffer anions. It is  reasonable 

to expect that an increase in the positive charge on the protein 

consequent on jnetal uptake -aI I I  decrease the a ff in ity  o f the 

functional groups :for the hydrogen ion and to increase the uptake 

o f  the bufffer anion, '^^king these fac '̂ors into account the 

inobility-behsviour of the metal-alburnins -̂lay, as v<ill be shown 

later, be explained satisfactorily.
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I t  is  our object to discuss the interaction o f  

bovine serum albumins with metal ions in terms of a competition 

between the metal and hydrogen ions for the same sites o f the 

protein molecule. We shall assume that the guanidinium, 

sulfhydral, the phenolic, << -and 6 -  amino groups, in view 

o f their high pK̂  values, are present in the acid form at 

pH 6,5 and are not available for binding the r.etal ion, ’.Te 

shall, there-fore, ^eal with equilibria involving hydrogen and 

metal ions on the one hand and the imidazole and carboxyl groups 

o f the protein molecule on the other,

1 • SQuilibria in Serum Mbumin .solution ;

' ĥe dissociation o f the functional groups in a given 

set o f  sites may be simply represented as' '

n, 2wZ„
~ "  2.303 • • • • (28)

Oj. is the total number o f  a given type o f functional frroups,

nts the number in the basic form and w & are as described3 p
previously (see p. it ) ,  I t  follows from eqn.28 that 105 

carboxyl groups o f NB3A are dissociated and 103 of the acetylated 

derivative. In the esterified derivative a l l  the hundred .md 

six carboxyl groups are blocked, and are not availaole for 

reaction with the proton.

An application o f  eqn.28 to the imidazole {rroups 

o f  the albumins reveals that, o f  the eighteen groups, 16,9

5 E H E R A L  P I  3 C US 31 ON
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exist in the neutral (basic) fora in the eaterified derivative, 

8,9 in the native serum albumin and only 5.5 in the acetylated 

derivative at pH 6.5.

2. Charjge balance in protein solutiona :

The charge balance in the albumin solutions in the 

acetate buffer o f pH 6,5 and ionic strength 0,20 is  £:iven in 

Table XII, Assuming that the Duffer anion is not bound by 

the protein, the net charge should be + 37, - 10 and -  54 ior 

i!3BSA, NB3A and A3jA respectively at pd 6,5. These values 

(column 6. Ta^le XII) d i f fe r  markedly from those evaluated from 

mobility measurements. It  is  reasonaole to assume, therefore, 

that the acetate ion Ls bound uy the protein to the extent o f 

57 and 6 acetate ions per mole o1 ;533A and N33A respectively 

(column 3 Table XII).

3, The bindirig of buffer aniona ;

The interaction o f  proteins with anions has been
( 41"̂

shown to involve the charged cationic groups o f the proteins' ' 

The equilibrium may be represented as,

-  68 -

where n is  the total number o f cationic groups fiven in 

column 4 Table XII, n^- the number of acetate ions bound,

» the activity of free acetate ions at equilibrium, k®- , 

the intrinsic association constant for the binding o f acetate 

ions and Z® the charge on the protein as fiven in column 7



Table XII. With the values o f 0^5 as given in Table XIX,
Q

it  is thus possible to evaluate the intrinsic constant

from aqn.?9. These values are ^iven in column J ?able XII*

No quantitative work on the binding of the acetate

ion by seruni alburaln has oeen reported. It is , however, o f

interest to'oxa^iine the results obtained 'jy Longsworth and 
( 32)Jaconsen . These authors found that the isoelectric  pH

-  69 -

the isoionic pH o f bovine serum albumin to oe 4.90^^^^, we

o f bovine serum albumin in 0.1 N acetate was 4.71. Assuming

ser
(58)

r

" ac * "T:---- * A  pH ..................(30)

h ave, fo i l  0wi ng 3 c at cha rd

2.305 

2m

With a value of 0.19 for a pH and 0.03 for , the nuiaber of 

acetate ions bound at the isoelectric pH in 0.1 K acetate 

solution is 7.5. Irom the charge balance at pH 4.71, the 

number o f acetate ions bound comes to 14 (Table X II), The 

value o f as calculated from eqn.29 w ill,  then, oe 0,76

on the basis o f 7,3 bound acetate ions and 1.57 on the basis 

o f  14 acetate ions Dound per mole o f the protein. These values

compare favourably with those reported in coluran Taale XII,

In what follows we have assumed a value o f 0.88 for

the intrinsic association constant o f the binding of acetate

ions by bovine serum albumin and 1,52 for the oinding by the

esterified  derivative. As we are interested mainly in the

change in the binding of acetate ions consequent on the uptake
o

o f  metal ions, the dual value used for ^^5 may not be particularly 

objectionable.

The ab ility  o f the acetylated derivatives to bind the



Tig.32 : Affect of metal uptake on the binding o f acetate
ions by the albumins (acetate buffer pH 6,5 &

= 0. 20) .
CD- NBSAj 

(2*)- ESSA.



acetate ion may be shown to be practioally n il. We are thus 

led to expect this protein to have a charge o f  -54 as against 

the value o f -39 obtained from mobility measurements. The 

binding of acetate ions w ill tend to make the discrepancy even 

larger. This protein is , however, electrophoretically 

inhomop-eneous for reasons which are not understood at present.

The charge on the acetylated derivative has, therefore, been 

assumed to be - 39.

4, Equilibria in metal-protein systems j

The equilibrium conditions in the solutions o f serum 

albumin and its  derivatives in the acetate buffer o f  pH 6,3 

and ionic strength 0,20 have been fu lly discussed above. We 

shall now examine how the various equilibria are influenced by 

the uptake of metal ions, A tac it assumption has been made 

in that the metal uptake is  assumed to involve the singly charged 

mac'*' complex ion. The binding o f ' r '  metal ions w ill then 

increase the charge on the protein by ' r '  units. This w ill  

tend to increase the binding of acetate ions by the protein and 

to decrease the binding of hydrogen ions by the functional 

groups o f  the protein.

The effect o f metal-uptake on the binding o f  acetate 

ions by the serum albumins may be evaluated from eqn.29. The 

results are plotted in Tig.32. It  may be noticed that the 

uptake o f metal ion results in a considerable increase in the 

number o f acetate ions bound by the protein, the effect being 

more pronounced f:>r the esterifled than ^or the native albumin.
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TIP.33 i Effect o f metal uptake on the dissociation of 
functional groups of the albumins (acetate 
buffer pH 6.5 & ^ =  0.20).
lu ll curves refer to the binding at the carboxyl
proups and dashed curves to the bindin̂ P! at the
imidajsole eroups.

1 NB3A ijnida?50le groups;
2 AB3A ifflidazole groups;
3 ABSA carboxyl ĝ roups;
4̂ 3BSA Imidazole groups.



The effiBct o f metaX blading on the dlaaflclation of 

the imidazoliuffl and carboxyl groups w ill depend on the functional 

group with which the metal ion reacts. I f  the combination 

takes place with the basic imidazole groups, we have,

”HIm_______  ,0 «-?wZ
P . . . . (31)
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'Him'

CQ8H 1̂ 0 ^-2wZ
»nd ' C06H ® ^ .................. (32)

I f ,  however, the raetal-uptake occurs at the carboxyl groups 

o f  the protein, we have,

"̂ Hlm ,0  _-?wZ

‘Him

n. C66H ,0 ..2wZ

In the above equations z® + r, w =» 0.03 f

and k° *„ are the intrinsic association constants o f  nlm COOn
the imidazole and carboxyl groups, respectively, with the proton 

(see Table I I I ) .

The number o f the undissociated (acid) functional 

groups are plotted in H g .33 as a function o f  the number of 

metal ions bound by the protein at pH 6,5. The full curves 

refer to the binding o f  the metal ions at the carboxyl groups,

groups o f the



Fig,54 : affect o f metal uptake on the net charg-e on
the serum slbuiulns (acetate buffer pH 6,5
 ̂^  = 0 • <?0) ,

1

1 » 
2 ’

KBSA (Carboxyl binding) 5 
A A  (Carboxyl binding) 5 
SBSA (imidazole binding).

NB3A (imidazole binding), 
AB3A (imidazole binding).



protein. I t  may be noticed (T ig ,33) that the dissociation 

o f the functional groups is  favoured by the uptake o f metal 

ions by the protein.

5. Charge balance in Metal~protein ayatems i

We are now in a position to study the efffect o f the 

binding o f metal ions on the net charge on tiie protein. The 

net increase in charge may be represented as

-  72 -

The net change in the charge on the protein is  plotted in Fig.34 

as a function o f the number of metal ions bound. It  may be 

immediately noticed from FLg.34 that the interaction of the 

imidazole groups of the protein with the metal ions should 

result in a slight decrease in the net charge o f the protein.

I f ,  however, the binding process involves the carboxyl groups 

o f the protein, the net charge on the proteins should increase, 

the effect being nearly twice as much :?or tne system M-AB3A 

than for the system M-NB3A.

A comparison o f vs r curves for the Cobalt-NSSA

and Cobalt-ABSA systems (f ig s  21 Sr. 23) with the curves in 1 & 2 

o f Tig.S'’ suggest that the binding o f the cobalt ion occurs 

essentially at the carboxyl groups of the albumin molecule.

The vs r curves for copper-fSBSA and zinc-iSBSA f i t  almost

quantitatively with the corresponding calculated curve (Curve 3 

Tig. 34). The A v s  r curves for copper-K33A, zinc-MB3A



and cadmlum-NBSA, copper-ABSA, zinc-ABSA and cadroium-ABSA seem 

to be character!eed by a relatively strong binding with the 

Imidazole frroups at loir binding, with a pronounced participation 

o f the carboxyl gz’oups o f the protein as more and more metal 

ions are bound. The e ffect o f  the carboxyl groups seems to be 

more for the systems involving the cadmium ion than for those 

involving the zinc and copper ions. The mobility measurements 

thus give further support to the conclusions previously arrived 

at from equilibrium dialysis and polarographic studies (see 

Chapters I I  and I I I ) ,

6, Intrinsic association constants ;

It  has been shown above that the mobility data can 

be satisfactorily explained in terms of a competition between 

the hydrogen and metal ions for the sites on the protein molecule. 

We may now proceed to analyse the binding? data on the basis o f  

the above concepts. An examination o f Iig,33 reveals that the 

number of the dissociated imidazole groups increases as the 

number o f metal ions bound at those sites is  increased. To 

a f irs t  approximation we may write

- "HI*) ’  \  ................. (56)
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fihQTQ (13-n,,_ ) is the number o f imidazole groups not coveredfilm •
by the proton, the number o i  dissociated imidazole groups

at r  s 0 and jd has a value of approximately 0,;) for A8SA,

0,7 for NBSA and 0,1 for EBSA ( f ig ,  53),



The term n in the sta tistica l equation should 

therefore, be replaced by (18 -  Him), ?,e, then, have

----  = kn̂  -  (1 - P ) k r  .........................( 37)
A

A plot o f “ J" vs r (in  the absence o f electrostatic interaction) 

should, therefore, give a straight line with the intercepts kn̂  

on the Y -  axis and - j j - -  on the X -  axis. It  is  apparent 

that the number of imidazole groups available for reaction with 

the f irs t  metal ion is only a fraction of ttie tota l, the values 

being 3.5, 8.3 and 16,9 for AB3A, NRSA and EB3A respectively.

There is  no Justification, therefore, for assuming that a l l  

the 18 imidazole groups, dissociated and undissociated, are 

available for reaction.

The apparent intrinsic association constants raay thus 

be evaluated from the intercept kn  ̂ and corrected for the charge 

on the protein molecule.

k = k° .........................( 38)

where k is the apparent and k*̂  the true intrinsic association 

constant. The values o f  k° calculated from the values o f  k, 

Fiven in Table VI are assembled in Table XIII. An examination 

o f  Table XIII reveals that the intrinsic association constant® 

for the interaction of bovine serum albumins with copper, zinc 

and cadmium ions agree fa ir ly  well with the firs t association 

constant o f the imidazole with the corresponding metal ion
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( see Tabl« V)} exo«ptiona seem to be the systems Zn-EB3A and 

to a lesser extent Cu-»£BSA« la the la tter systemsy howevert 

the binding data and the corrections for the charges on the 

protein molecule are unreliable* I t  may, therefore, be 

concluded that the binding o f  copper, zinc and oadmium ions, 

at least in the in it ia l  stages o f the interaction, takes place 

at the imidazole groups of the albumin molecule.

Table -  XIII

Intrinsic Association Constants 
log k®

-  7$ -

Copper
25®C

Zinc
30®C

Cadmium
30°C

EB3A 4.72 3.75 mm

NBSA 4.21 5.23 3.27

A33A 4.52 3.06 3.01

7* The effect o f aetal uptake on the intrinsic associatioa 

Constants :

It may be seen from figs 14 that the binding data 

cannot be explained in terras of the modified statistica l eqn.37. 

This may oe due to a non-equivalence o f the reactive sites 

and/or a participation o f competing functional groups. A 

similar postulate was made for an explanation o f the polarographic 

dgta reported in Chapter I I I .

We shall now analyse the equilibrium dialysis data



. J'

Tig.35 ! Effect o f metal uptake on the intrinsic
association constants for interaction with 
the albumins.
Tlill curves refer to imidazole binding alone.* 
Dashed curves refer to imidazole binding with 
corrections for carboxyl binding also.
(acetate buffer pH 6.5 0.20),
*

The i n t r i n s i c  a s s o c i a t i o n  c o n s ta n ts  l o r  th e  
c o b a l t - s e ru m  a lbamin syste'^’ s a re  e v a lu a t e d  
on th e  b a s i s  o f  the  106 c a r b o x y l  .r^roups o f  the  
p r o t e i n  m o le cu le  b e in g  the  s i t e s  r e s p o n s i b l e  
f o r  b in d in g  th e  c o b a l t o u s  i o n .



for the binding o f  oopper, sine and cadmium ions, assuming the 

imidazole groups to be the seat o f reaction, Jrom the eqn

n k® e-2^2p (A)
 ̂ -----  ^58)

1 + k®e (A)

i t  is easy to deteraine the value o f k® as a function o f  r,

Zp is known from the mobility data (Chapter IV), and n from 

equation 36. fht values o f k® thus calculated from the 

equilibrium dialysis data are plotted in Fig.35 aa a functioa 

o f r, the number of metal iona bound by the protein. i t  may 

be noticed that the k° r  curves o f I ig ,35 are almost

identical with the corresponding curves obtained from polarographic 

studies (F ig .26).

wa !!;ayi to start with, examine the system Cu»E6SA 

and Zn-EBSA, These systems are characterised by practically 

negligible electrostatic interaction as revealed by the mobility 

measurements. Furthermore, the competing carboxyl groups are 

absent. It  is , therefore, to be expected that, for these
I*systems at least, the vj, r curves should be linear and 

that the values of k̂  should be independent o f r. This is , 

however, not the case as may be concluded from fig , 35. Thus 

one might 'oe tempted to postulate a non-equivalence o f  the 

imidazole groups of 3BSA. I t  should, however, be pointed out 

that the data cover only a narrow binding range and may not be 

altogether reliable and finally , tnat the variations in k*̂  are 

small.

It  seems, therefore, that no definite conclusions as 

to the equivalence or otherwise of the imidazole groups may be
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drawn from the system involving the ester ifled  derivative. An 

analysis o f tlie other systems is rendered d ifficu lt  because 

o f  the competing influence of the carboxyl groups o f the protein. 

These systems are characterised by a fa ir ly  large reduction 

in the intrinsic association constant conseq,uent on the binding 

o f  metal ions, the effect being in the order Cd>Zn>Gu for 

the native protein, Tor the systems involving A3SA, the effect 

is  nearly o f the same order for the three metal ions (F ig ,35) .

8, Competing influence o f carboxyl g:roupa s

I f  the systems, other than those involving 3BSA, are 

to i îve any information as to the equivalence o f the imidazole 

groups, i t  is essential that the competing: influence o f the 

carboxyl fxoups be known, lio reliable data on the metal-acetate 

systems, is  however, available. I t  say be of interest, however, 

to analyse the equilibrium dialysis data o f Klotz and Gurrae on 

the binding o f  copper ions by NBSA at pH 4,01 These

authors have shown that the binding of copper ions at this pH 

occurs essentially at the carboxyl groups of the protein aiolecule, 

A value of 2,30 x 10̂  for was obtained from their data. The 

charge on the protein has been asauroed to be +20 from 

mobility measurements at pli The numoer o f dissociated

carboxyl groups as oDtained from eqn,28 corses to about 32, The 

intrinsic association constant lor the oinding of the copper 

ions by 33A at pll 4,0 thus evaluated was 32, which agreed 

reasonably well with the first association constant of the cupric 

with the acetate ion (Table V, p. 15 ) ,

-  77 -



With a knowledge o f  the intrinsic association constant 

for the binding o f copper ions by the carboxyl groups o f  the 

albumin, we are in a position to evaluate the contribution o f 

the carboxyl groups to the binding o f  copper ions by bovine 

serum albumin and its  acetylated derivative. The contribution 

o f the carboxyl and imidazole groups o f the protein to the 

binding o f metal ions may be represented by the composite 

equation.

where the firs t term represents the contribution o f  the imidazole

groups to the binding proccss, (13- Him) oeing the numuer of

imidazole groups not covered by a proton at any given moment,

All the 106 c?4rDoxyl groups may be assumed to oe

dissociated at pli 6,5. Tbe second term of eqn.5i may oe easily

evaluated l o r  a given free metal ion concentration A, with

k°cuQ55) “  ̂ as found fro:n the mobility

data. Knowing the number ( r^.^- ) of the metal ions boundCoOCu
by the carboxyl groups and the total number o f metal ions bound,

v.e r̂et the number of copper ions ( r« .  ) bound by the imidazoleCulai
groups ( r = ) .  Ihe value o f at a given

value o f  r..r ^  obtained from Ti;?,’ 3. 5?e can thusMlm
calculate k? , at different values of r. The relevantCulm
plots are shown in Tig.35 together with those uncorrected for
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the contribution o f the carboxyl groups towards the binding 

process.

It  may be noticed that, ao far as the equivalence

o f the imidazole groups is  concerned, the corrected curves are

worse than the uncorrected ones. An examination o f the

corrected zinc-albumin curves (rig,35) confering this. In the

la tte r  case a v?  ̂ x value o f 10 was aaaumed. Similar
( ZnCOd)

calculations for the cadmiuni-albuniin systems with k® «20
CdCOO

revealed that the binding data at values of r greater than

2 may be best explained in terras of an interaction with tne 

carboxyl f r̂oups o f the protein alone.

The corrected curves in Tig.35 may oe unreliable in 

that the values of the intrinsic association constants assumed 

for the calculation o f the contribution of the carboxyl groups 

towards the binding process may be uncertain. I t  may be seen, 

however, that even those curves where no such corrections had 

been made indicated the possibility that tne imidazole groups 

o f  the protein are only partly available for the binding of 

metal ions. It  is not unreasonaole to conclude, therefore, 

that the participation o f the carboxyl groups increases and 

that of th« imidazole groups decreases rapidly as iĤ re and ®ore 

raetal ions are bound. This effect increases in the order 

Cd-NBSA > Zn-1|BSA > Cu-NBSA. The relatively low oinding o f 

cadaium ions by the esterified derivative is not surprising.

The imidazole groups o f  the albumin :nolecule do not seem to 

participate in the binflins- o f cobalt ions as indicated by the
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absorption and equlllbrluffl dialysis studies (Chapter I I ) .  The 

intrinsic association constants calculated from the binding data 

on a basis o f the 106 carboxyl groups o f the protein being the 

reactive sites, have an extremely low value, o f the order

1.5 -  4.0. lUrthermore, the intrinsic association constant 

is  affected but l i t t l e  by the number o f metal ions bound ( I l g . 55) 

Curd and Goodman have investigated the competition 

between the zinc ion and the hydrof'en ion for corabininfr with 

the imidazole r̂roups o f human serum albumin (see p. ) .  These 

authors have concluded from their studies that the intrinsic 

association constant for the interaction remained constant at 

log k® »  2.82 -  0.05 over a fa ir ly  wide binding range. We have, 

however, concluded from a parallel analysis o f the binding data 

obtained from the equilibrium dialysis and polarofrraphic 

measurements that the intrinsic association constant for the 

interaction o f bovine serum albumin with the zinc ion decreases 

as more and more zinc ions are bound by the protein.

The studies reported by Gurd and Gootoan were made 

in unbuffej^ed solutions containing 0.15M sodium nitrate. In 

this medium, the zinc ion can be expected to be bound by the 

serum albumin as the divalent Zn'*’'*' ion. In the systems studies 

by us, the uptake o f the metal ion must lar^Tsly involve the 

MAĉ  complex ion. Thus, we have a situation in which the 

imidazole groups o f serum albumin are equivalent in their 

interaction with the Zn'*’  ̂ but not with the ZnAc  ̂ ion. I t  may 

also be concluded that the relative ab ility  o f the imidazole
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groups for reaction with the KAĉ  ion follows the order 

CuAc > ZnAc > CdAc > CoAc, It  is reasonable to expect, therefore, 

that the participation o f  the carboxyl groups in the binding 

process w ill, as observed experimentally, follow tne reverse 

orde r ,
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6TIHHARY A W  Q O m W Q lO m

Tho Interaction of copper, zinc, and cobalt

ions with bovine sertra albaain and i t s  derivatives has been 

studied by equilibrium - dialysis, polarographic optical 

absorption and electrophoretic mobility methods. An acetiate 

buffer (p"I 6*5, ionic strength 0,20) vas used? giving conditions 

suoh that the raetal ion could be expected to be present larfsjely 

as MA5̂  ion,

( 1 ) The a f f in ity  of bovine serum albumins has been 

shown to decrease in the order aoetylated protein —»  native 

protein—♦esterifled  protein, for a given metal ion, and

Cu-^^n —>Cd-^Go for a given protein,

( 2 ) I t  has been shown that the binding data and 

the intrinsic association constants calculated from the results 

o f a polarographic study of the metal-serum albumin systeTns 

compare in accuracy with those obtained from equilibpiuw-d la lys is ,

(3) The raetal-proteln interactions in buffer solutions 

have been interpreted in terms of a competition bet-ween the netal 

and hydrogen ions for functional f;roup sites of the seruia 

alburain molecule, Tho e ffect of fnetal uptake on the binding

o f buffer anions by the serum albumins has also been taken into 

account,

(4) Electrophoretic mobility measurements ’?ave been 

employed to follow the interaction of netal ions ^d.th bovine 

serum albumins. The expected variations in the net oharf^ on 

th« protein consequent on the binding of metal ions vere 

calculated on the basis of (3) above, A comparison of the
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calculated and the experimental nobility  data revealed that 

(a) the cobaltous ion was bound essentially through the carboxyl 

groups o f the protein molecule and (b) copper, zinc und

cadmium ions were bound, in the in it ia l  stages, through the

imidazole groups, the carboxyl groups o f  the protein molecule 

contributing materially to the binding of metal ions as more 

and more metal ions were bound. The effect o f the carboxyl 

groups on the interaction process was found to follow the 

decreasing order Cd-^ Zn-> Cu,

(5) It  has been concluded from a study o f  the 

absorption spectra o f  the metal-protein systems studied that the 

carboxyl groups of the serum albumin molecule are essentially 

responsible for binding cobalt and nickel ions,

( 6) The results o f a quantitative analysis o f  the 

equilibrium-dialysis data for the cobalt-serum albumin system 

were consistent vslth those obtained from optical absorption and 

electrophoretic mobility measurements,

(7) A quantitative analysis o f the equilibrium-

dialysis and polarographic data for the systems involving copper,

zinc and cadmium ions has been made in terms o f (3) above. The

intrinsic association constants evaluated on the basis o f the 

imidazole groups being the reactive sites have been shown to 

decrease with the number o f metal ions bound by the protein.

It has been concluded that the availab ility  o f  the imidazole 

groups o f the serum-alburain molecule for reaction with the MAĉ  

ion follows the decreasing order Cu ■-> ?n->Cd,

( 8) The competition, optical absorption and mobility
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data support the view o f the interaction process as outlined 

in ( 7) above.

( 9) It has been shown that the uptake o f copper and 

zinc ions tended to make the acetylated serum albumin electro- 

phoretically homogeneous,

(10) It has been shown that the constant o< , representing 

the characteristics o f the reduction o f a metal-protein complex

at the dropping mercury electrode, is dependent on the pH o f  

the medium.
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