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I. INTRODUCTION 

The mechanism of an enzyme catalised reaction should satisfy the 
experimentally determined kinetics, which are often easily measured. 

Kinetic work may be of great value for the conception of the action 
mechanism of enzymes in general. It is necessary to know all the re
action constants involved. This can only be realised with the help of a 
very specialised apparatus, the so called stop flow technique, which 
allows the measurement of rapid reactions. 

Only partial information can be obtained if such an apparatus is not 
available because current methods ofkinetic analysis are based on some 
simplifying assumptions. 

A critical consideration of these assumptions showed that they were 
only partially correct. Therefore it is perhaps possible to determine 
all the reaction constants. However, now, mathematics become insuf
ficient, or rather, the power to master the mathematical problem. 
Calculations with the aid of an analogue computor can give help in this 
case. This was applied to the kinetics of the splitting of chloroacetyl-L-
phenylalanine by the proteolytic enzyme carboxypeptidase A. 

In addition to this some theoretical cases were studied. 

7 



II. THEORETICAL CONSIDERATIONS 

It is assumed that an enzyme catalised reaction proceeds according 
to the following scheme: 

E + S HT** ES -^¿* E + X 

e-p s ρ e-p χ 
in which E = enzyme 

S = sub strate 
ES = enzyme-substrate complex 

X = product(s) 
e = total enzyme concentration 
ρ = concentration of enzyme-substrate complex ES 
s = concentration of substrate S 
χ = concentration of product(s) X 

ki, k2 and кз = reaction constants 

The substrate and the enzyme form, reversibly, an enzyme-substrate 
complex, which decomposes, irreversibly, into enzyme and product(s). 

This theme has many variations. There may be more than one enzyme-
substrate complex, the process may be reversible, co-enzymes may 
play a role, product- or substrate inhibition may appear etc. 

This fundamental idea has been postulated by Michaelis and Men-
ten (1). Some enzyme-substrate complexes have been demonstrated, 
for instance spectroscopically for catalase and Peroxydase (Chance). 

The idea has been used recently for the isolation of an enzyme with 
the aid of insoluble substrates (chymotrypsin, 2). 

Lineweaver and Burk (3) have put this idea in such a mathematical 
form that certain reaction constants of this scheme can be determined 
experimentally. The changes in the concentrations are given by the fol
lowing differential equations: 

d s ki(e-p)s+k2p (1) 
dt 
dR 
dt 
dx 
dt 

ki (e-p)s - (k2-Hc3)p (2) 

k3P (3) 

By introducing the so called steady-state assumption, i.e. by putting 
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-з|г = О, ρ can be calculated from equation (2): 

es , w i t h Km =Щ^ 
* s + K m '» ki 

Km is the Michaelis-Menten constant. 
Substitution of this value for ρ in equation (3) gives: 

dx _ кзев 
dt s+Km

 K > 
dx 

If we call-r— = v, the velocity of the reaction, then 

кзез J^ 1 Km 1 .,.. 
v = s+Km ' o r ν = кзе кзе * s ( ί ) ) 

From equation (5) кзе, and as far as e is known, k3 and Km can be de
termined. For this it is necessary to measure the initial rate of the 
reaction at some different substrate concentrations. A plot of the rec
iprocal values of s and ν gives a straight line. By extrapolation this 
line gives points of intersection with the 1/v - and 1/s axes from which 
кзе and Km resp. can be determined. 

Thisprocedureisperfectlycorrect.Therewillbe really a moment, in 

the very beginning of the reaction, in which -^ = o, identical to zero. 

During this phase, the prae steady state, ρ raises very rapidly, to a 

maximal value, at which point-n-= o. After this moment ρ will decrease. 

For this moment-j? = о and thus, as far as initial rates of reaction 
dt 

are measured, the procedure of Lineweaver and Burk is permissable. 
This method permits the determination of кз and K m . It gives how

ever only two constants for three unknowns: ki, k2 and кз. The abso
lute values of ki and k2 remain unknown. But this are most interest
ing constants for they are related to the specific binding of the substrate 
to the enzyme. 

The Lineweaver-Burk method renders information about the relation 
between initial velocity and initial substrate concentration only, however 
no information about the time course of the reaction. 

One has extended this steady state assumption for the derivation of 
the integrated Michaelis-Menton equation. 

υ . j »L d s 0 ds , dp , dx ds , dx .,. 
For: so = s +P + x, and t h u s ^ = dF + Ж + Η Γ · o r 0 = dT + dT <6> 

as SQ is a constant and-^ was put equal to zero, or so small relative 
ds dx 

to -τ- and -TT- that it can be neglected. 

Substitution of equation (6) in equation (4) yields: 



ds = кзез 
dt s+Km к ' 

Integration and substitution of the boundary conditions (at t = o, s = SQ 
and for t—» oo s-*o) gives the integrated Michaelis-Menten equation: 

kset = K m ln-^2- + so - s (8) 

Equation (7) is correct per se. It is however only valid at one moment, 

namely the moment of the steady-state, the point in which -i- = o. In fact 

equation. (7) is not a differential equation with regard to s and t and an 
integration with respect tot is not permissable. It is a differential equa
tion with regard to SQ and one should integrate with respect to SQ, but 
this is without any meaning. Thus, in principle, the integrated Michae
lis-Menten equation can not give an adequate description of an enzyme-
catalised reaction. 

Equation (8) is a formulation for a reaction of order 0 - 1 . 

The steady state assumption says that-r^s o, this means ρ is a con

stant and this implies a constant rate of reaction: a zero order reac

tion. 

The steady state assumption is only valid, when a zero order reac

tion is obtained, in physical terms, because every change in ν is re

duced to a change in ρ and Ли8-т£= о, in mathematical terms, because 

the supposition -^-= о can give no other formulation than required for 
a zero order reaction. 

A straight forward mathematical analysis of the three simultaneous 
differential equations (1), (2) and (3) gives a differential equation, re
lating product χ and time t: 
d^x., dx. , d2x fd^x Iq . dx. 2 „ . dx , ., , „ . .1 , 
d ï 3 - ( k 3 e - d F ) + d ^ L d i T + T ^ ^ - 2 к і е 1 г + к з е ( к і е г і с 2 + к З ) ] + 

+ ki φ 3- 2кікзе ( - ^ ) 2

 + кікз2е2 £ = о (9) 

Assuming a steady state, i.e. -r̂ - = — (——) = o.then all terms of 
d2x d3x d t k 3 d t d t 

equation (9) with -ту and -Г3" can be dropped. 

This yields: 

kl ( f ) - 2 кікзе (^) 2

 + Пк32е2£- о 
k l f fe-k3al2=o 

The two solutions are: UL LUL J 
dx 

a: ki -тг =0 χ is a constant. 
This occurs only when no reaction takes place at all. 
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b: - — кзе =o χ = kßet as at t = ο χ = о 
The formulation of a zero order reaction. 

Several authors justify the steady state assumption, for instance 
Alberty (4), when he states: , 
"The true steady state in which-тЕ. = о is of very short duration, but for 

enzyme concentrations which are low compared with the substrate con

centration it may be expected that -;*- will be very small during the time 

between attainment of the steady state and complete reaction. If this is 
true, theMichaelis-Menten rate equation may be integrated as follows, 
assuming that the time required to reach the steady state is negligible 
in comparison with the elapsed time: 

ds _ кзе „ 
dt s+Km ' · 

This is only partially true. Indeed-^· will be small with respect to the 

other variable concentrations of the system. However not so small that 
it can be completely neglected. 

In doing so, one has to do it consistently and one has to neglect any 
measured change in v. 

However, for this case, the integrated equation 

kßet = Km ln-^-+ so - s 

is without any meaning, for it claims to describe changes in v. It is 
valid only for zero order reactions, and even in this case not com
pletely, because a zero order reaction requires a formulation of the 

form kset = so - s. The contribution of the term Km In —must be neg-
S 

ligibly small, and this is only the case when the substrate concentration 
is sufficiently high. 
In fact one does find zero order reactions at high substrate concentra
tions. 

Other authors are more reserved. 
For instance Fruton and Simmonds state in General Biochemistry (6): 

"As long as the rate of the reaction (v) is constant, then ρ is constant 
d o GS 

and the term 37-= o. Under these circumstances ρ =———." 
dt ^ s+Km 

Or in quoting the textbook of Sumner and Somers (7): 
"Ifasteady state exists, i.e. the overall rateof the reaction is not chang
ing " 

Dixon and Webb (8) give another explanation: 

"This (-ïj-= о) is based on the postulate that at any moment the rates of 
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formation and breakdown of the ES complex a r e essentially equal, so 
that its concentration ρ can be regarded as constant over the short pe
riod of t ime necessary for a velocity m e a s u r e m e n t " . 

The p - t c o u r s e is shown in fig.l. The form of this curve is shown by 
analogue computer experiments and by the experiments by Chance on 
the enzyme Peroxydase (9). Certainly ρ is constant at a certain moment 
t 'of the reaction and even for a short t ime necessary for the determi
nation of v, for this is done at one moment, but this does not imply that 

-й- = ο, -τ*- i s given by the tangent to the p-t curve. Thus, the statement 

i s not sound. 
If a deviation from a zero order reaction, which is not produced by 

product inhibition for instance, is found, there is no steady state. Not 
even in approximation, so that it can be treated mathematically a s a 
steady state. 

Nevertheless equation (8) gives often a good description of an expe
rimentally determined s-t curve. 

This a r e the c a s e s in which a plot of 1/v versus 1/s gives a straight 
line, in which ν and s a r e determined at one s-t curve. 

W e m a y a s k i f a steady state i s a necessary assumption for this phe
nomenon. 

ds 
From equation (1) ρ can be solved as a function of s a n d - p : 

ds , . 
dF + k i e s 

P = k i s + k 2 ( 1 0> 

Substitution of (10) in (3) gives: 
ds 

dx к з ^ + кікзев 
dt kis + k2 

We may write this a s : 

1 = ^ L +

 k 2 e dt 
ν кзе . . . d s μ ι > 

к і к з е з + кз ^ г 
ds 

that i s : separated in t e r m s dependent and independent on s and -j—. 
1 1 

For a l inear relation be tween—and—it is necessary to write equa
tion (11) a s : 

, s d s 
1 1 k 2 S " F d T 1 

+ Η ί · Τ (12) ν кче , , . „ ds ' s 
ύ кікзещ + к З ^ -
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, s ds к 2 8-тнг 
In equation (12) the term -τ- must be a constant. 

кікзез + к з - ^ 
, s ds 
k2S — - τ — 

Thus e a i

 d s = Φ (13) 
кікзев + к З - ^ 

This is a differential equation in s, which can be solved: 

(кдкзеф - k2)t + кЗф In s + — s = С 
К е 

By putting φ =-=-— and substitution of the boundary condition (t = o, 
КЗ e 

s = so) we find: 

(kiK - k2)t +f In - ^ + ^ ( s - so) = о 

k9 + k3 
Assuming a steady state, i.e. К = Km = —¿-r—- this equation reduces 

to equation (8). 
The course of the reaction can thus be described by the equation: 

i = • r i - + J S - Л . in which К = k 2 e t + S o - S (14) 
ν кзе кзе s kiet + In - ^ 

so 
However ν = кзр and thus 

_ i L + - K . 1. 
^ЗР ~ ^ З 6 ^зе ' s 
(e - p)s = pK (15) 

Substitution of equation (15) in equation (2) yields: 

-^- = kipK - (k2 + кЗ) ρ 

If we define α by a= k i (Km - K). then 
dp 

-rr- = - a p dt H 

Ρ = P o e " a t . 
a s far a s К is a constant. 

(16) 

A linear relationship between — and — is still found if ρ satisfies this 
. . ν s r 

relation. 
Po Can be determined by the consideration that at the maximum of the 

ρ - t curve, indeed-J- = o. This maximum i s reached in the very early 

phase of the reaction, so that at that moment we may put s = SQ. 

о = k i (e-po)so - (k2 + k3)po 

p o = ΊΓ7ΊΓ ( 1 7 ) 

So + K-m 
13 



Substitution of equation (17) in equation (16) yields: 

p-A6-" < 1 8 > 
(18) in (3) give.: f . JSfjg- e - « 

Integration yields: χ = /

k 3 e f ° . (1-е - a t ) (19) 
(so + Кщ) 

At t = ο, χ should be zero. This condition is satisfied. 
As t approaches infinity, χ must approach SQ. This gives a relation 

fora : 
п. !S3e 

SQ + Km 

Substitution of (20) in (18) gives: 
kßet 

(20) 

р = і ^ т ш е So + K m ( 2 l ) 

We find in the same manner for x: 

χ = so (1 - e so + Km ) (22) 

By definition of α : ^ = ki (K - Km) 
SQ + Km 

K = K m ' k i ( s o 3 + K m ) ( 2 3 ) 

Substitution of (23) in (14) yields: 

kset (so+КтЩ = (so-s) (so+Km) + K m (So+Km) - ^ - In ψ. (24) 

An equation of the type of the integrated Michaelis-Menten equation 
can thus describe the time course of an enzyme catalised reaction with
out assuming a steady state. 

There are a priori two possibilities fora. 

a: a = о, or so small that α can be put equal to zero. This is only pos

sible if К = Km. This implies-^- = ο, ρ is constant and thus — i s con

stant. 
The velocity of the reaction does not change: a zero order reaction. 

This does in fact occur, namely with high substrate concentrations, i.e. 
that substrate concentrations which are higher than the so called satu
ration concentration of the enzyme. This is the case if So ^> Km. 

b: α ^ ο (α ^ о is not possible, asean be seen from equation (20)). 
This is the case if Km >̂ K. One should find a linear relationship be
tween— and—for this case, without assuming a steady state. 
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α is not a constant of the enzyme, like Km and k3. α is fixed by Km and 
кз but is also dependent on the enzyme- and substrate concentration. 

We have replaced here one approximation by another one. The first 
approximation, the steady state assumption for the complete time course 
of the reaction is not tenable, because it is mathematically and physi
cally incompatible. It remains to be seen in how far the above given 
approximation is justified. It is worth noticing the following 

From a consideration of the p-t curve it can be seen that this approx
imation is not valid for the very early phase of the reaction i.e. the 
prae steady state. The maximum in the p-t curve is reached immedi
ately after mixing of enzyme- and substrate solution (a fraction of a 
second). After this, a period in which the steady state assumption is a 
good approximation, follows. The last part of the p-t curve shows a 
decrease of p, more or less exponential, as is given by equation (21). 

This equation has to be understood as a net breakdown of the in the 
prae-steady state to a maximum value increasing concentration of the 
enzyme- substrate complex. 

So we have to distinguish three phases in an enzyme catalised reac
tion: 

Firstly the prae steady state (from A to В in fig.l). This phase is of 
very short duration and can be followed only 
by special techniques which permits the 
measurement of rapid reactions. 

Secondly, the steady state phase (form В 
to С m fig.l). During this time the steady 
state will be a good approximation. It is ex
actly a steady state m В, the maximum of 
the p-t curve. Up to С the assumption will 
bea good one because the decrease of ρ will 
be small. The time necessary to go from В 
to С will depend on the experimental condi
tions. I f s o ^ Km this tune will be relatively 

S o and if so > К long· po = e 
so + Km чп the 

so will not differ much from 

F i g i 
The time course of the enzyme 
substrate complex of an enzyme 
catalised reaction 

fraction 
So + Km 

unity. This deviation will be so small that it 
can be neglected: a zero order reaction will be obtained. 

A third phase enters when the reaction has gone so far that С is 
reached: ρ changes appreciably. One finds experimentally a deviation 
from zero order kinetics. The point of time С is thus operationally de
fined. It depends on the accuracy at which the reaction can be follow
ed: whether one can find a deviation from zero order kinetics. 

The approximation given for po ш equation (17) is therefore m gener
i s 



al not correct. In fact one should not state the value so, but sc, the val
ue of s at the moment C. Equation (17) is therefore only valid if from 
the beginning of the reaction deviations from zero order kinetics are 
found, that is if SQ and Km are of comparable magnitude. 

Ifnozeroorderkineticsare found there will be no steady state. This 
means that the reaction is not determined by кз and Km only, but also 
by ki and k2. 

Equation (9) is identical to an equation derived by Swoboda (10)· 
d^x , ,k2 + кЗ « dx ki .dx.2 . . . .„_. 
d ? + k l ( ki + e + S o " X ) dT " k3 ^ - k l k 3 e (so - x) = о (25) 
This is of the form: 

ê M A - B y . g - C ^ . D y - E - o 

In this equation χ does not appear. The order of the equation can be 
lowered by the substitution: 

dy 

d% = dE. = d£ d£ d2. 
dx2 dx dy ' dx dy 

ρ & + (A - By)p - Cp2 + Dy - E = о 

By putting ρ = — we find 

dp _ dp du _ 1 du 
dy ~ du ' dy ~ " й ^ dy 

Substitution gives: 

-¿H7 + (A-By)ïï-^ + D y - E = 0 

- ^ = -Cu + (A - By) u2 + (Dy - E) u3 

According to Kamke (11) this differential equation belongs to the type 
given by Abel. It can be solved in some instances, however not m this 
case, because one has to solve equations of the type 

χ = (ay + b) e " " 
This is possible by series development. However, one has to do this 

process some times after each other. To reduce the algebra one has to 
neglect terms of these series. It is very difficult to control the justifi
cation of this neglect. 

An analytical solution is thus not possible. 
An analogue computer gives, m principle at least, the possibility to 

determine values of ki, k2 and кз. Compare Chance, ref. (9): 
"The families of curves obtained from the differential analyser are ob
viously applicable to any reversibel bimolecular combination and a con
secutive monomolecular breakdown of the intermediate compound." 
16 



This machine permits, with given values of So, e, ki, k2 and кз, the 
simulation of an s-t curve. By trial and error such values of ki, k2 and 
кз should be found that a simulated s-t curve is exactly identical to an 
experimentally determined s-t curve. 

This was done for the carboxypeptidase A catalised hydrolysis of 
chloroacetyl-L-phenylalanine. In addition to this some theoretical cases 
were studied. 
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III. ON CARBOXYPEPTIDASE A 

Carboxypeptidase A is a proteolytic enzyme, synthetised in the pan
c r e a s , not in form of the active enzyme, but as zymogen: procarboxy
peptidase A. Trypsin activates the zymogen. The enzyme der ives its 
name from i t s specificity. The enzyme is able, provided that certain 
s t ructural requirements a r e fulfilled, to split the C-terminal amino acid 
from a peptide or a protein. The velocity at which this occurs depends 
on the amino acid. The specificity requirements of carboxypeptidase A 
can be i l lustrated best by the following formula: 

О H О A H H 
Il | и ! | | 

R - С - N H - С - С 1 Ν - С - СООН 

ι : ι 
R* I R" 

The arrow indicates the peptide bond which is split. The carboxylgroup 
of the C-terminal amino acid must be free: carbobenzoxy-glycyl-L-
phenylalaninamide and carbobenzoxy- glycyl-L-tryptophanamide a r e not 
attacked by the enzyme (12, 13). 

The amino acid with side chain R" must possess the L-configuration. 
The carbobenzoxy-glycyl derivatives of D-phenylalanine (14, 15, 16), 
D-leucine(16), D-methionine(17)andD-tryptophane(18) a r e not hydro-
lysed by the enzyme in contrast to the corresponding L- i somers . 

Only one statement about the hydrolysis of a D-amino acid peptide 
could be found in the l i terature, namely carbobenzoxy-glycyl-D-alanine 
(19). The velocity is however very small . 

The group R" is r a t e determining. Aromatic amino acids (phenylala
nine, tyrosine, tryptophane) a r e rapidly split off, aliphatic amino acids 
at a much slower ra te . The amino acid proline is not split off at all, 
unless tryptophane is placed pr ior to the C-terminal amino acid. Basic 
amino acids, as lysine and arginine, a r e also not split off. The pancreas 
synthesises for this a specific enzyme: carboxypeptidase В (20). 

The amino acid with side chain R' should not posses s basic groups 
in α position to the carboxylic acid group. Glycyl-L-tyrosine and L-
tyrosyl-L-tyrosine a r e hydrolysed extremely slow, the carbobenzoxy 
derivatives however rapid (12). In this carboxypeptidase A differs prin
cipally from a dipeptidase, which does not have this res t r ic t ion. 
18 



The length of the peptide chain seems to have no influence. The C-
terminal tyrosine of the peptide L-Tyr-L-Lys-L-Glu-L-Tyr is split 
off (21). This is the basis for using carboxypeptidases to determine C-
terminal res idues in proteins, provided that other s t ructural require
ments a r e fulfilled. 

T h e K m var ies form 3.3 χ I O " 3 M / L to 3.7 χ 10-3 M / L for di-, t r i - , 
t e t r a - a n d pentaglycyl-L-tyrosines respectively, кз from 0.129 - 0.137 
Mol per L χ min χ mg enzyme nitrogen per m l for these substrates 
(22). Also in these cases there is very little influence on the velocity 
of the reaction. Tryptophane in position of the amino acid with side 
chain R' has an accelerating effect on the hydrolysis of the С terminal 
amino acid (13). 

Acid groups in the amino acid with side chain R' lower the ra te of 
hydrolysis. Replacement of the glycine moiety of carbobenzoxy glycyl-
L-phenylalanine by glutamic acid lowers the velocity of hydrolysis by 
a factor of 15, under otherwise identical conditions (13). 

The group at the left hand side of the arrow does not need to contain a 
peptide bond. Acylamino acids a r e hydrolysed also. Kinetic m e a s u r e 
ments yields the following order when arranged in decreasing rate of 
hydrolysis (23, 24, 25): benzoylglycyl У carbobenzoxyglycyl )> flu-
oroacetyl ^ chloroacetyl >̂ bromoacetyl )> L-chloropropionyl 

У D-chloropropionyl >̂ propionyl >̂ acetyl )> formyl. 
It is remarkable that carbonaphtoxy-L-phenylalanine i s attacked by 

the enzyme (26), while l-keto-2-methyl-3>4-dihydro-2-naphtoyl-DL-
phenylalanine is not (27). 

О H 

The peptide bond hydrolysed is as peptide bond not essential . At first 
it was thought that the H atom of the peptide nitrogen was indispensable. 
Chloroacetyl-L-tyrosine is hydrolysed, while chloroacetyl-N-methyl-
L-tyros ineisnot (28, 29). Together with the fact that C-terminal proline 
is not split off, makes the statement reasonable. 

However, the es ter analoga of the substrates, for instance benzoyl-

19 



glycyl-ß-phenyllactic acid (30, 31) is hydrolysed. The rate constants 
are even of the same order of magnitude as those of the peptide sub
strates. It seems therefore that if a large substituent takes the place 
of the peptide hydrogen the velocity of hydrolysis will decrease. 

Carboxypeptidaseisaneuglobulin. It crystallises in hexagonal need
less. The nitrogen content is 14.4% (32). The molecular weight was 
found to be 31.600 by means of viscosity- and diffusion measurements 
(33), 34.300 by means of sedimentation -diffusion analysis (34, 23). For 
our kinetic measurements this last figure was considered as correct. 

Just as the other proteolytic enzymes of the pancreas, trypsin and 
chymotrypsin, the active enzyme arises from an inactive zymogen: pro
carboxypeptidase A. Chymotrypsinogen and trypsinogen differ not much 
from the active enzymes with respect to molecular weight, in contrast 
to the activation procarboxypeptidase - carboxypeptidase. The zymogen 
has been crystallised by Neurath and coworkers (53). By means of light 
scattering a molecular weight of96.000was found, bymeans of sedimen
tation-diffusion 94.000 (54). The isoelectric point is below pH 4.5; for 
carboxypeptidase it is at pH 6.0 (33). 

Per mol procarboxypeptidase arises one mol carboxypeptidase. Tryp
sin catalises this activation. 

By incubation of the zymogen with catalytic amounts of trypsin at 
(PC, an enzymic activity arises which is able to split acetyl-L-tyro-
sine ethylester. This enzymic activity differs strongly from that of 
carboxypeptidase. It is homospecific with chymotrypsin. This ester hy-
drolysing enzyme is in the ultracentrifuge indistinguishable from pro
carboxypeptidase. This activity fades away by addition of more trypsin 
and raising the temperature of reaction to 370C. Now the specific ac
tivity of carboxypeptidase appears. The endopeptidase activity is es
sential for the appearance of carboxypeptidase (54). Here occurs the 
unique fact that procarboxypeptidase is zymogen for two enzymes: an 
endopeptidase and an exopeptidase. 

The amino acid composition of the cristalline enzyme has been de
termined by Smith and Stockell (35): Asp30,Thr27, Ser33, Glu25, Р г о ц , 
Gly23, Ala20. Valló, Metí, Ileu20. Leu25, Tyr20. Pheis, Hiss, Lysis, 
А г ё 1 0 ' Т г Уб. Cys2, NH219, which makes a total of 310 amino acids. 
(The values are corrected for losses during acid hydrolysis). 

From this analysis a molecular weight of 34.440 ±|460 is calculated 
which is in good agreement with the molecular weight derived by phy
sical chemical methods. Smith and Stockell have tried to calculate the 
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Ι.E.P. from this analysis: 
Anionic groups Kationic groups 

30 Asp 10 Arg 
25 Glu 18 Lys 

1 С terminal amino acid 8 His 
~~* 1 N terminal amino acid 
56 ^— 
19 amide groups 37 

з7 
As the number of anionic and kationic groups are identical the I.E.P. 
must be near pH 7. 

A N-terminal group has been demonstrated in carboxypeptidase: 
AspNH2. Ser (36). 

Besides the point that an amino acid analysis dojes not permit such 
a calculation, this calculation neglects two facts: 

Firstly it is probable that carboxypeptidase has no С terminal group. 
It was neither possible to demonstrate this with the carboxypeptidase 
method (37) nor with the Akabori method (38). 

Secondly, carboxypeptidase Ais a metallo enzyme. One mol contains 
one atom of zinc. A first hint that carboxypeptidase is a metalloenzyme 
was obtained by Smith and coworkers (39). They found a complete inhi
bition by sulfide and a strong inhibition by cyanide. A spectrografic ana
lysis of the ash of the cristalline enzyme showed great amounts of mag
nesium to be present. They concluded therefore that carboxypeptidase 
A was a magnesium enzyme. 

Allthough this inhibition experiments have been contradicted (40), the 
concept that carboxypeptidase is a metalloenzyme has been proven cor
rect. 

The zinc is bound strongly to the protein. It survives all treatments 
in the purification procedure. It can not be removed by dialysis against 
distilled water (41, 42). Dialysis against 1 M NaCl at pH 5.5-3.4 re
moves however the zinc. Together and parallel with the removal of 
zinc, the enzymic activity vanishes. The correlation coefficient between 
zinc content and activity is 0.90 (43). These phenomena may however be 
explained by an irreversible denaturation of the enzyme at acidic pH 
values. 

AtpH7.0 zinc can be removed by dialysis against 10-3 M o-phenan-
throline. Dialysis of the "apoenzyme" against a Zn++ solution restores 
enzymic activity. Excess ΖηΉ- inhibits the enzyme. Dialysis against 
Mg"*-1", Ca"H", Cd'H" or Hg"H" gave no enzymic activity, against СГ+++, 
Mn-H-, Fe + + , Ы!"1-1"or Co","+ restores enzymic activity (43). It is remark
able that the cobald enzyme has an activity of approximately 180% of 
that of the zinc enzyme (55, 56). 

In as much as the zinc enzyme and other combinations are easy to 
cristallise there may be good possibilities for χ ray analysis. 
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IV. ACTIVITY DETERMINATION OF CARBOXYPEPTIDASE A 

For the judgement of a step in the purification procedure of an en
zyme it is necessary to define a unit which gives the activity of the 
enzyme per weight of mater ia l . This unit should increase during the 
purification procedure, i.e. the removal of enzymic non active protein, 
until further t reatment does not change this unit. 

For proteolytic enzymes the so called proteolytic coefficient has been 
chosen for this purpose, which is defined by the first o r d e r ra te con
stant, measured under standard conditions, devided by the quantum mg 
protein nitrogen per ml . 

The substrate for carboxypeptidase is carbobenzoxyglycyl-L-phenyl
alanine (CGP): 

О 
II 

СбН5 - CH2 - О - С NH - с Н - СООН 

СН2 

С6Н5 

The enzyme will hydrolyse this to carbobenzoxyglycine and L-phenyl
alanine. The latter can be quantitatively determined by the colorime
t r i e ninhydrin method of Stein and Moore (44). 

Synthesis of CGP. 
This was prepared from carbobenzoxyglycine and L-phenylalanine 

ethylester. HCl with ethoxyacetylene a s couppling agent (45). 
To a solution of 5.1 g of carbobenzoxyglycine (0.022 mol + 10% ex

cess) in 100 ml of dry ethylacetate i s added 5.06 of L-phenylalanine 
ethylester. HCl (0.022 mol) and 4.62 g of ethoxyacetylene (0.066 mol). 
The mixture is refluxed until the precipi tate of the es ter hydrochloride 
i s dissolved (45 min.). After cooling the solution is washed with r e s p . 
25 ml of 1 N HCl (2x), 25 ml of water (2x), 25 ml of ice cold 5% K2CO3 
solution (2x) and finally with water (3x). After drying over sodiumsul-
fate the solvent is distilled off in vacuo. After cooling a part ia l c r y s 
tallisation occurs . The crys ta l s a r e filtered off and recrysta l l i sed from 
ethylacetate-petroleum ether 60 - 8(PC (1:1). 

After two recrysta l l i sat ions color less crys ta l s a r e obtained (2.0g); 
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melting point 87 - 87.5° С (uncorrected). 
Analysis: carbobenzoxy glycylphenylalanineethylester C2I H24 N2O5 
(384.43) 

Cale; С: 65.61 H: 6.29 Ν: 7.29% 
Found: 65.50 6.27 7.44 

65.50 6.33 

Up to now this substance has only be obtained a s an oil. The combined 
fi ltrates were evaporated in vacuo. The residue yielded 3.0 g of a light 
brown colored oil. 
Total yield: 5.0 g (61.7%). 

T h e e s t e r was saponified by dissolution in a small amount of methanol 
and addition of 1.05 equivalents of a 1 N NaOH solution in water. After 
vigorous shaking for 30 minutes, the solution i s acidified with 1 N HCl 
to pH3 (congo red) and extracted 3 t imes with ethylacetate. After wash
ing with water, the ethylacetate solution is dried over sodium sulfate 
and the solvent is evaporated in vacuo. The residue is crystal l ised from 
m ethanol-water. After 4 recrystal l i sat ions a color less product i s ob
tained, with melting point 123-124° С (uncorrected). The l i te ra ture gives 
a value of 1240 С (46). Yield 65% of theory. 

A c t i v i t y d e t e r m i n a t i o n 

A known quantity of CGP isdissolvedin a minimum quantity of NaOH 
solution, just sufficient to neutral ize the substrate. The solution is ad
justed with 0.02 M veronalbuffer pH 7.5 + 0.1 M NaCl, so that a 0.02 M 
substrate solution i s obtained. 

The concentration of protein was determined by the biuret method: 
To a known quantity of protein solution in a centrifuge tube is added an 
equal volume of 20% tr ichloroacetic acid. After standing for 15 min. at 
room temperature the precipitate is centrifuged down, the supernatant 
decanted and the precipitate dissolved in 2.94 ml of 3% NaOH solution, 
after which 0.06 ml of 20% CUSO4.5H2O solution is added. 60 sec. vig
orous shaking and standing at room temperature for 20 minutes a r e 
necessary for complete color development. After centrifugation for 5 
min, the optical density of the supernatant can be determined at 540 
Γημ. As standard, a casein solution of known nitrogen content (micro 
Kjeldahl) was used. 

In an thermostate at 25 0 C, to 3 ml of substrate solution is added the 
enzyme solution so that a final concentration of 2-5x10-4 mg of protein 
nitrogen per ml i s obtained. At t ime 0, 5, 10, 15, 20, 25 and 30 min. 0.2 
ml is pipetted from the mixture and immediately added to 1 ml of ninhi-
drin reagent. This mixture i s immediately boiled for 15 minutes. 

The ninhydrin reagent and the high temperature denature the enzyme. 
A further hydrolysis of the substrate i s thus prevented. 
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After cooling, 10 ml of an ethanol-water mixture (1:1) i s added, after 
which the extinction at 54θΓημ is determined. As a blanc the tube obtain
ed at t i m e t =o is used. With due observance of the color factor of phenyl
alanine and a known standard of leucine, the phenylalanine concentra
tions can be calculated at different t imes of the reaction. A graph of 

In — , in which x 0 = initial substrate concentration and χ = concentra-
x u 

tion of substrate at different t imes, gives a straight line, from which 
the first o r d e r reaction constant can be calculated. Division by the num
ber of mg protein nitrogen per ml yields the proteolytic coefficient. 

P u r i f i c a t i o n of c a r b o x y p e p t i d a s e A 

The enzyme was isolated from bovine pancreas , according to the p r o 
cedure of Neurath (47). 

18 kg of bovine pancreas (cooled to - 20 o C immediately after ex
tirpation) was cut into pieces of 75 cm2 χ 2.5 cm. They a r e placed on 
plactificied r a c k s to leak out after defrosting. This takes 5 days at a 
temperature of 2-6 0 C. The pieces a r e pressed out by press ing between 
cheese cloth. The combined fluids (± 3.5 L) a r e brought to pH 7.8 by 
addition of 300 ml 1 NNaOH. Activation of procarboxypeptidase by t r ip
sin i s achieved by heating for 1 hour in a thermostate at 37 0 C, with vig
orous s t i r r ing. During this process the color of the juice changes from 
red-brown to chocolate brown. With s t i r r ing the pH is adjusted to pH 
4.6 by addition of 5 N acetic acid, after which the solution is diluted 
tenfold immediately by pouring it into 35 L of distilled water at 4 0 C . 
If necessary the pH i s adjusted to 4.6. The precipitate i s settled down 
for 12 hours . The c lear supernatant is decanted off, the residue i s cen-
trifuged for 35 min. at (PC at 8000 RPM in rotor 21 of Spinco model L 
centrifuge. The precipitate contains carboxypeptidase, which is an eu-
globulin. The supernatant can be discarded. 

The precipitate is suspended in 1 L of distilled water at 5 0 C . With 
s t i r r ing the pH i s adjusted to 6.0 with freshly prepared 0.2 M Ba (OH)2 
solution. Stirr ing and adjustement of the pH is continued until the pH 
r e m a i n s constant. This takes approximately 12 hours . The mixture is 
centrifuged a s stated above. 

The precipitate i s resuspended in 450 ml of water. With s t i r r ing the pH 
is adjusted to 9.5 by addition of 0.2 M Ba (OH)2, until a constant pH is 
obtained. The precipi tate is centrifuged off as above. 

The supernatant i s adjusted to pH 8.0 with 1 N acetic acid and kept 
for further purification. 

The precipitate i s extracted again with barium-hydroxide solution, 
however in this case up to pH 10.4. Centrifugation, etc. as above. 

The combined supematants a r e adjusted to pH 7.2 with 1 N acetic 
acid. After standing for 4 hours at 4 0 C the precipitate is centrifuged 
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(60 min. 18.000 RPM, rotor 21). The precipiatet is suspended in 250 
mlof distilled water and the pH adjusted to 10.0 with 0.1 N lithium hy
droxide solution, until a constant pH is reached (+ 4 hours). The solu
tion is centrifuged as above. The supernatant fluids are brought to pH 
7.2 with 0.1 rJ acetic acid. The enzyme cristallises. It can be removed 
from the mixture by centrifugation as above. 

By frequent recr y stalli sation the enzyme can be purified further. 
After 14 recrystallisations a maximum proteolytic coefficient was ob
tained: 

Crystallisation Proteolytic coefficient 
5 4.2 
7 6.6 

11 17.5 
14 18.9 

For our kinetic work we have assumed that the enzyme is 100% pure. 

T h e m e a s u r e m e n t of t h e k i n e t i c s of c a r b o x y p e p -
t i d a s e A 

The earlier mentioned hydrolysis of CGP is certainly suitable for an 
activity determination of the enzyme. For a kinetic research it is not 
so well suited, because the method is cumbersome and inaccurate. More
over, rather rapid reactions can be followed difficultly. 

According to Mitz and Schlueter (48) a peptide bound can be measured 
in the ultraviolet region. Acetylmethionine and methionine gave a dif
ference spectrum at 235 - 240тд. Lambert-Beer's law was followed. 
Acylase I could be determined easily by this method. The question aris
es if carboxypeptidase A can be determined by this method. It is to be 
expected that as well as the substrate, (chloroacetyl-L-phenylalanine) 
as well as the product (L-phenylalanine) will absorb strongly in this 
region. We have to determine therefore a difference spectrum of chlo-
roacetylphenylalanine and an equimolar solution of chloroacetic acid 
and phenylalanine. 

S y n t h e s i s of c h l o r o a c e t y l - L - p h e n y l a l a n i n e 

5.0 g of L-phenylalanine (0.030 mol) are dissolved under ice-salt coo
ling in 40 ml of 1 N NaOH solution. To this is added, slowly over a pe
riod of 20 minutes, 27 ml of 5 N NaOH solution and 8.6 g of freshly 
distilled chloroacetylchloride. The mixture is stirred mechanically. 
10 minutes after the last addition the mixture is extracted with ether 
(2x) and acidified to congo red with 6 N HCl. The crystalline precipitate 
is filtered off and crystallised from water. 
Yield: 4.2 g of chloroacetyl L-phenylalanine (58%). 
Melting point: 1250.5 - 1260C. The literature gives a value of 126oc 
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(49). The difference spectrum is given in fig. 2. 
The solutions contained 0.0029 M chloroacetyl-
phenylalanine in 0.02 M trishydroxymethylami-
nomethane - HCl buffer of pH 7.5 + 0.1 M NaCl 
and equimolar chloroacetic acid and phenylalani
ne in the same buffer respectively. It can be seen 
that the difference i s large enough to ba se a meth
od. 

A maximum difference is obtained at 230 ιημ. 
As can be seen from fig.3 Lambert-Beer's law 
holds. This proved to be the case at the pH region 
6.5 - 9.0. 

Now it is possible to determine the decrease of 
substrate concentration from the decrease of the 
extinction at 230 m μ . 

Rather rapid reactions can be followed by this 
method for the determination of an optical density 
can be performed easily and rapidly on a Zeiss 
spectrophotometer PMQ II. 

A tr is buffer was chosen because this buffer 
does not absorb in the ultraviolet. Addition of 
NaCltoa concentration of 0.1 M is necessary to 
dissolve the enzyme. All measurements are car
ried out at 20oC. The solutions are brought to the 
desired temperature by placing them for a time 
in a thermostate at KPC. The cuvetteholder of 
the spectrophotometer is at 20oC by pumping 
thermostatically controlled water through it. The measurement is car
ried out as follows: 

In a quartz cuvette is pi
petted 3 ml of a blanc (con
taining chloro-acetic acid 
and L-phenylalanine buffer), 
in another quartz cuvette 3 
ml of the substrate solution 
(aequimolar to that of the 
blanc). The extinction at 230 
ιημ of the latter relative to 
the first is determined. This 
value is later on corrected 
for dilution by addition of 
enzyme solution. 

To the blanc a small amount 
of enzyme solution is added 
and the 100% transmission 
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Fig.4 
Effect of increasing L-phenylalanine concentrations upon 
the velocity of hydrolysis of chloroacetyl-L-phenylalamne 
by carboxypeptidase A. at constant enzyme concentration. 
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Fig.5 
Effect of added L-phenylalamne upon the reaction 
velocity at different enzyme concentrations. 

readjusted. A stopwatch 
is started at the moment 
that the same amount of 
enzyme solution is added 
to the substrate and the 
mixture is immediately 
homogenised. 

After some experien
ce it is possible to de
termine an optical den
sity 15 seconds after ad
dition. 

All measurements are 
carried out in triplicate. 
Essentially the same 
method has recently 
been published by Falk 
and Gladner (55) for car
boxypeptidase and by 
Binkley(58)for leucine-
aminopeptidase. With 
this method the kinetics 
of the system chloroace-

tyl-L-phenylalanine-carboxy-
peptidase A was measured in 
0.1 M NaCl, 0.02 M tris-HCl 
buffer atpH 6.5, 7.0, 7.5, 8.0 
and 9.0, at every substrate 
concentrations at three dif
ferent enzyme concentra
tions, at each pH at three 
different substrate concen
trations. 

P r o d u c t i n h i b i t i o n 

Product inhibition can be 
demonstrated by a compari
son of s-t curves measured 
without and with addition of 
L-phenylalanine at the same 
substrate- and enzyme con
centrations. If product inhi
bition occurs the latter case 
will show a slower reaction. 

27 



The experiment is carried out as follows. 
To 3 ml of substrate solution (1.295 χ 10-M/Lin0.02 M tris HCl + 0.1 
M NaCl pH 8.0) is added 0.1 ml of enzyme solution (1.01 mg of carbo-
xypeptidase A per ml). The reaction is followed as described above. 

The same is carried out in the presence of 0.96 χ IO - 4 , 1.87 χ IO - 4 , 
3.13 χ IO' 4 , 6.06 χ ΙΟ" 4 and 11.77 χ ΙΟ" 4 M L-phenylalanine respec
tively. 

In a second experiment the phenylalanine concentration was kept 
constant (6.06 χ 10"4M), the enzyme concentration was varied. Sub
strate concentration always 1.295 χ lO-^M. As can be seen from fig.4 
and 5 product inhibition has to be taken into account as in both cases 
the reaction goes faster in the absence of phenylalanine. 

28 



V. ANALOGUE COMPUTOR CALCULATIONS 

An analogue computer is an apparatus consisting of a number of 
calculating units (adders, substractors, multiplication by a constant 
factor between о and 1, multiplication by a factor greater than 1, mul
tiplication of two variables, integration, etc.). By a proper combina
tion of these units, every arbitrary mathematical treatment can theo
retically be carried out. 

Every unit has a special sign. This facilitates the transformation of 
a mathematical formula in a wiring diagram. 

Multiplication by a constant factor between о ада 1: f"~j 

Addition and substraction: Tb 

Multiplication by a constant factor / 1: —Çj Г^>— 

Integration: І р ^ 

Multiplication of two variables: ^ П 

(See ref.50 and 51) 

All treatments, with the exception of the multiplication by a con
stant factor between о and 1, invert the sign of the variable. If neces
sary, this can be compensated for by multiplication with 1. 

All variables are presented in the machine by voltages. The absolute 
value of these voltages is restricted by the construction of the machi
ne. The apparatus which we used was a Berkeley Ease Analog Compu-
tor, and dit not permit voltages above + or - 100 V. Above these vol
tages the amplifiers don't work in their linear part of the characte
ristic, which results in irregularities. The machine gives a signal if 
somewhere in the wiring diagram a voltage exceeds + or - 100 V. 

The construction of a wiring diagram is the most important step in 
analogue computer experiments. The most essential feature is that as 
few elements are used as possible. This increases the accuracy. Fur
thermore, such variables must be used that the voltages are not too 
low and should not exceed + or - 100 V. 

The variables of the physical system are related to the voltages by 
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the transformation equations: 
X = ax . x, in which 

X = the machine variable 
χ = the variable of the physical system 
3χ = the scale factor 

Numerically 3χ i s equal to the number of t imes 100 V which equals 
one unity of the physical system. Αχ has to be chosen as high as pos
sible to minimise leak- and scatter voltages. In pract ice this means 
that, for instance a variable which is maximal in the beginning of an 
event to be simulated, a i s to be chosen so that the initial condition 
corresponds to 100 V = one machine unit. Provided, and this is a se
cond condition ax has to fulfil, that the variable does not exceed 100 V, 
for instance by integration. 
Αχ has to be chosen so that the relation 

s 1 machine unit 
x ^ to be expected maximum value of χ " physical unit 

is satisfied. 
For the determination of the time scale factor one has to keep in 

mind that almost all e r r o r s introduced by integrators increase with 
t ime and a r e thus smal ler at a short t ime of calculation. 

However a smal l scale factor for the time will increase the other 
coefficients, forcing us to use a smal ler scale factor for the other va
r iables . 

P r a c t i c e has to teach us, for each system separately which wiring 
diagram and which scale factors will be best. 

Two ways a r e open for the system 
E + S Î = ^ E S »·Ε + X. 

First ly by start ing from the differential equation (25) and secondly by 

^X-K,(So-X) 

loxfl'x-KitSo-x)' 

ОЦКа+КзгеК!) 

lOlKjtKjteKiJX 

-10X 

10КіКде(Зо-Х) 
КіКзе 

Fig.6 
Wiring diagram for analog computation of equation (25). For detailed 
explanation s e c text. 
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starting from the set of three simultaneous differential equations (1), 
(2) and (3). 

The first case leads to the wiring diagram given in fig.6. However 
this scheme seems to be not so well suited because the coefficients to 
be determined, ki, k2 and кз, became known by calculation from a 
structure of all three. 

It seems to be more efficient to start from the set of three simul
taneous differential equations. Moreover it enables us to follow the s-t 
curve, which has been determined experimentally. 

We have thus the following scheme with mathematical relations: 

E + S ^ E S - ^ E + X 

^г = ki(e-p)s + k2P 

jj2 = ki(e-p)s - (k2 + кз) Ρ 

dx . 
dT = k 3 P 

The initial conditions are so that at t = o, s = so, ρ = о and χ = о. 
The value of SQ varies from 4 to 25 χ 10 ~4 M/L, e from 6 to 35 χ 

10-7 M / L in the system which has been investigated. We will have to 
find such values of ki, k2 and k3 that an experimentally determined 
s-t curve is completely identical with a simulated s-t curve. Conse
quently ki, k2 and кз are the variable parameters. To shorten the time 
of calculation, the process is accelerated lOx on the machine. 

The scale factor for the concentration can be chosen freely. The fol
lowing transformation equation is valid. 

S = a . s 
(capital: machine unit: character: physical unit) and analogous for e, 
ρ and x: 

E = a.e; Ρ = a.ρ; Χ = a.χ. 
Substitution gives 

dS/a . . Ε Ρ . S , , „ Ρ 
-at = - к 1 < т - і г > ? + к 2 Г 

§ = - Τ ( E - P ) S + k 2 P 

This gives the transformation equation for ki and k2. 

К = JSL K2 = k2 

Analogous for кз: Кз = кз. 
The machine equations are: 

31 



- Κι (E - P)S + K2P 

Κι (E - P)S - (K2 + K3)P 

dS 
dt 
dP 
dt 

We will chose 'a' as high as possible. As far s is concerned this can 
be done for there is no danger for overloading, as s will decrease. 
There are however some difficulties with e because e is small rela
tive to s. This can be overcome by introducing E not as E but as 100 

E for instance. This can be compensated for, by introducing гтгтг Kl. 

This gives the wiring diagram shown in fig,7. With this scheme a 
number of theoretical cases have been' examined. 

K,(E-P)S 

-Ki(E-P)S -ZOO)E-P)S 

О — D 
гоо^· 

200(E 

. ^ 
^=ю-^с 

-шк* 

K,(E-P)S 

о 
о 

н> IO*2 
-Ê>-

¿|Кг<-Кз)Р 
і5ІКг*К3)Р 

-о 
Fig.7 
Wiring diagram for analog computation of the set of three simultaneous 
differential equations (1), (2) and (3). For detailed explanation s e e text. 

The scheme is not suited for the experimentally determined kine
tics. Product inhibition has to be taken into account according to the 
scheme: 

E 

e-p-q 

E 

e-p-q 

S ^ E S -

X Ä E X 
k5 

Ja*] 

e-p-x 

X 

χ 

The basis of this scheme is the hypothesis that the product combines 
reversibly with the enzyme, to form an enzymatically non active com
plex. Most probably the product is bound at the same site as the sub
strate: structurally the product is closely related to the substrate. This 
scheme is described by the following differential equations: 
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ds 
¿г = " k l ( e - p - q ) s + k 2 p 

gH = ki (e-p-q)s - (k2 + k3) Ρ 

^ - = кзр + ksq - к4 (e-p-q) χ 

j 3 = k4 (e-p-q)x - k5q 

The transformation equations are derived exactly as in the former 
case. 

The wiring diagram is given in fig. 8. This scheme gives us the pos
sibility to simulate s-t curves with great variations in SQ and e. 

Ι0Κι(Ε-Ρ-0)3 
100(E-P-Q)S 

•o 
1 
10 

XttE-P-QIS, ßK« 

100(E-P-Q) 

!l 
-КгР 

IO** 

IOKi(E-P-Q)S 
o-

1К 2 + Кз)Р t> -ЮР 

-K 4(E-P-Q)X ^r> «o 
KjPt-KsQ 
1 <:ч-

10 -K 5 Q 

Ò« ^S> 
iöK5 

-10 Q 

100E -100V 

-<t 

10(P+Q) 

lOO(E-P-Q) 

100(E-P-q)X 

LK4 

10K4(E-P-Q|X 

F i g . 8 

Wiring diagram for analog computation of a product inhibited enzyme 
catalised reaction. For detailed information see text. 

The integrators for s, p, q and χ can operate on a different "niveau". 
Some additional potentiometers are necessary to reduce the voltages 
to the niveau of the integrators. With this scheme simulated s-t cur
ves were compared with experimentally determined s-t curves. The 
procedure is as follows: 

The units are connected in the proper way and the initial conditions 
are adjusted. These conditions are: the initial condition for the integra-
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tor for S, which is given a voltage to be calculated from the scale fac
tor and the corresponding concentration of so; the potentiometer for E, 
to be calculated from the scale factor and the corresponding concen
tration of e, eventually multiplied by a constant factor, later on com
pensated for by Kl and the potentiometers for Ki, K2, КЗ, K4 and K5. 

The integrators for P, Q and X don't have an initial voltage. The 
outlet of the integrator for S is connected to a recorder (Varian G - 10 
recorder, 1 sec. for full deflection: paper velocity: 4 inches per min.) 
which writes the simulated s-t curve. 

All potentiometer readings are noted and the machine is started. 
After an, s-t curve has been measured, it is inspected whether this 

curve can coincide with the experimentally determined s-t curve. If 
not, the potentiometers for the rate constants are varied until the goal 
is reached. It is possible after some experience to judge from the de
viation and the sign of the deviation to correct a set of rate constants 
in such a way that a better agreement with the experimental s-t curve 
is obtained. 
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VI. SOME THEORETICAL CASES 

With the wiring diagram given in fig.7, some theoretical cases of 
the system 

E + S с — * ES > E + Χ 
were studied. This will give also an idea about the accuracy of the 
system. 

a: V a r i a t i o n of k i 
As substrate concentration avalué of 21.94 χ I O - 4 M / L was chosen, 

as enzyme concentration 28.7 χ 10-7 M / L . These a r e approximately 
ensyme-substrate r a t i o ' s which a r e encountered in pract ice . 

k2 and k3 a r e given. A value of 102 min-1 for k2 and 480 min-1 for 
кз was chosen. 

k i var ies from 2.73 χ 10^ L/M.min to 13.64 χ 10^ L / м . т і п p-t and 
s-t curves were measured. From the maximum of the p-t curve and 
the known value of кз initial velocities can be calculated and compared 
with experimentally determined initial velocities. 

As-J- = k i (e-p)s - (k2 + k3)p and a s in the maximum of the p-t curve 

-j£ = o, we may put о = k i (e-po)so - (k2 + k3)po 
S Q 

The resu l t s a r e given in table I. P Q values a r e given as percentages 
of e. 

T a b l e I 

τ ζ.«1 -.r measured .."} calcu- mea- v J (Po c a l e %A U r V e 

L/MjTiiñ . . . . M/L ,„, . . calculated ^ L·<11^-: / 0 Δ nr. ' M/Ljnm ' lated sured Po meas) 

2.73χ1θ5 б.бхЮ-4 21.3xl0-4 50.8 51.8 7.0x10-4 1.0 2.0 1 
4.09 9.3 14.2 60.7 61.8 8.4 1.1 1.8 2 
5.46 9.6 10.6 67.4 68.2 9.3 0.8 1.2 3 
6.82 10.2 8.6 72.0 72.5 10.0 0.5 0.7 4 
8.19 10.2 7.2 75.4 76.0 10.5 0.6 0.8 5 
9.55 10.2 6.1 79.2 79.0 10.9 0.2 0.3 6 

10.91 10.2 5.3 80.4 80.0 11.0 0.4 0.5 7 
12.29 10.2 4.7 82.2 83.0 11.3 1.2 1.5 8 
13.64 10.2 4.3 83.7 84.0 11.5 0.3 0.4 9 
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When kl is sufficiently high, so that so is high relatively to Km, ν 
does not change any more (v: initial velocity). At a low value of K m 

(relatively to so) only, a zero order reaction was found. However in 
these cases certainly not a steady state must be assumed. In the early 
phase of the reaction the p-t curve is difficultly to be followed owing 
to a very rapid increase in ρ and an inertness of the recorder (fig.9). 

Simulated s-t and p-t curves with different Ki values 
(all other variables are constant).The given numbers 
correspond to those in table I. 

b: V a r i a t i o n of кз 
Substrate concentration: 21.94 χ IO" 4 M / L 

Enzyme concentration: 28.7 χ IO" 7 M / L 
ki = 5.46 χ 1θ5 L/M.min 
k2 = 102 min-1 
кз varies from 480 min-1 to 60 min-1 

The results given in table II, are summarized just as above. 
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T a b l e II 

min" 

Km 
M/L 

Po 
cale. 

ν, 
M/L.min 
calculated 

Fig.lO 
Simulated s-t and p-t curves with different кз values (all other variables are con
stant) see table II. 

The curves a r e shown in fig. 10. 
The same is done with identical enzyme- and substrate concentra

tions and the same k2, however with a much higher value of kj: 81.9 χ 
1θ5 L/M.min. 

The resul t s a r e given in table III. 
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T a b l e III 

КЗ 
m i n - 1 

420 

360 

300 

240 
180 

120 

60 

M/L 

О.бЗхЮ"4 

0.56 
0.49 
0.42 
0.33 
0.28 
0.20 

Po 
cale. 

97.5 
97.6 
97.8 
98.2 
98.5 
98.7 
98.9 

M/L.min 
calculated 

11.7xl0-4 

10.0 
8.4 

6.8 

5.1 
3.4 

1.7 

Po 
meas. 

96.5 
96.5 
97.0 
97.6 
97.8 
98.2 
98.4 

v . 

M/L. min 
measured 

11.7xl0-4 

10.9 
8.7 

6.7 

5.1 
3.4 

1.7 

(Po meas. 
Po cale.) 

1.0 
1.1 
0.8 
0.6 

0.7 

0.5 

0.5 

7οΔ 

1.0 

1.1 

0.8 

0.6 

0.7 

0.5 

0.5 

Curve 
nr. 

1 

2 

3 

4 

5 

6 

7 

F i g . l l 
Simulated s-t and p-t curves with different kß values (all other 
variables are constant). The numbers correspond to those given 
in table 111. 

The curves a r e shown in f ig . l l . 
Asean be seen po does not change very much, SQ is relatively large 

with respect to Km. The reactions show predominately zero order ki
net ics . In these cases a t rue steady state exis ts . 
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In practice it is only possible to vary кз in a few cases. This is the 
bases of Slaters method for the determination of ki and k2 (52). For 
many oxidising enzymes it is possible to vary кз (and V) by the use of 
different hydrogen acceptors. Binding of substrate to the enzyme (ki 
and k2 dependent) remains constant. One may expect another rate con
stant (k3) for the decomposition of the enzyme-substrate complex by 
the use of different hydrogen acceptors. 

Slater wrote K m = ¿ U M a s К,- - k 2 e + k 3 e - ^-±1. 
kie 

A plot of V versus K m will give a straight line. 
By extrapolation to the points of intersection with the axes k2e and 

k? 

j-y-can be determined, from which ki and k2 can be calculated. 
The results summarised in table III give indeed a linear relation

ship between V and Km (fig.12). From the point of intersection with 

v(M/L-mm) 

15Л0-« 

Ш Г 

ЬКГ4 

10« XT« 
Km(M/L) 

Fig. 12 
Relationship between Michaelis-Menten constant 
K m and reaction velocity V, a s determined from 
fig. 10. 

the V-axes and the known value of e, a value of 105 min-1 for k2 is 
calculated, and from the point of intersection with the K m axes and the 
known value of kl, a value of 106-1 for k2 has been found. This is in 
reasonable good agreement with the assumed value of 102 min-1. 

It remains to be seen in how far this method is useful by introduc
tion of more than one enzyme- substrate complex. 
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A further control for the accuracy with which the machine works is 
possible by plotting V versus кз. This must yield a straight line. From 
the tangent e can be calculated: we find e = 28.3 χ IO" 7 M / L (Fig.l3). 

v(M/L.min) 

15 «10" 

l o . i c r 4 -

5 KW 

v(bVL.niin) 

1010"'' η 

SIO

UX) 200 500 400 300 
ks(mln-l) 

Fig.13 
Relationship between reaction velocity 
V and reaction constant kß. 

100 ZOO 300 400 500 
кзітіп-1) 

Fig.H 
Relationship between initial velocity 
V and reactionconstant кз. 

In doing so for the results shown in table II, approximately a linear 
relationship between V and кз is obtained. This does not give however 
the correct value for e (fig.14), and this is not to be expected, as here 
is not valid V = кЗе, but ν = кзр. There are no maximum velocities. 
The right relation will only be found with much lower values of кз. 

с: V a r i a t i o n of e 
Substrate concentration: 21.94 χ I O - 4 M / L 

ki = 5.46 χ 1θ5 L/M.min Кщ = 5.1 χ IO" 4 M/L 
k2 = 102 min" 1 

кз = 180 min" 1 

e is varied from 4.4 χ ΙΟ" 7 M / L to 110.5 χ ΙΟ"? M / L . 

The results given in table IV are summarised as above. In fig. 15, V 
is plotted versus e. (V measured D , V calculated.), кз can be calcu
lated from the tangent. We find a value of 145 m i n - ! . If we take into 
consideration however that under these circumstances p 0 is only 81.2^ 
of e, we find, with the aid of the formula V =кзро a value of 180 min 
for кз. 

The curves are shown in fig. 16. 
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T a b l e IV 

e 
M/L 

4.4x10" 
11.1 
22.1 
44.2 
66.3 
88.4 

110.5 

Po 
cale. 

81.2 
81.2 
81.2 
81.2 

V 
M/L.min 

calculated 

0.64xl0-4 

1.62 
3.23 
6.45 

81.2 9.68 
81.2 12.90 
81.2 16.15 

Po 
meas. 

81.0 
78.5 
77.5 
79.2 

V 
M/L.min 
measured 

0.74ХІ0-4 

1.64 
3.03 
6.40 

76.0 10.17 
75.0 13.78 
74.6 15.72 

Δ 
(Po cale.· 
Po meas) 

0.2 
2.7 
3.7 
2.0 
5.2 
6.2 
6.6 

%Δ 

0.2 
3.3 
4.5 
2.4 
6.4 
7.6 
8.1 

Curve 
nr. 

1 
2 
3 
4 

(М/І.лчп: 

2010' 

15 IO-

ιακτ4-

Slff 

р 1 В - 1 5 ЯШ"1 10010Г7 e(M/L) 

Relationship between initial velocity V and en
zyme concentration e. 

о : V measured 
• : V calculated 

d: V a r i a t i o n of S Q 
k i = 6 χ IO 5 L/M.min 
k2 = 72 min-1 
кз = 510 min-1 
e = 6.5 χ I O " 7

 M / L 

For SQ is taken respectively: 

Кщ = 9.70 x I O " 4 M/L 

24 
16 
12 

8 

10 
10 
10 
10 

-4 M/L 
-4 М л 

•4 M / L 

-4 M / L 
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Fig.16 
Simulated s-t and p-t curves with different e values. (All other variables con
stant.) The numbers correspond to those given in table IV. 

From s-t curves, V, the initial velocity, is determined and 1/v is 
plotted versus 1/so (fig.17). From this plot a value of 504 min-1 for 

кз and 10.6 χ 10-4 M / L for Km is determined. 

^(L.mln/M) 

UMO4 

sio* «10» ІЫОГ 
Fig.l7 ¿ ^ М 
Lineweaver-Burk plots of 1/v versus I/SQ for the determination of кз and 
Km-
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The relation — = a + b.—holds for one s-t curve too. The expenmen-
v s r 

tal conditions were as follows: 
k i = 12 χ 105 L/M.min 
k2 = 72 min-1 
кз = 510 min-1 
e = 6.5 χ 10-7 M / L 

SQ = 20 χ I O " 4 M / L 
At different t imes 1/v and 1/s has been calculated (table V). 

t(min) 

0 
2.5 
5.0 
7.5 

l/s(L/M) 

5 ХІ02 
7.31 

12.39 
27.65 

T a b i e V 

l/v(L.min/M) 

0.380xl0- 4 

0.412 
0.480 
0.700 

K(M/L) 

4.76xl0- 4 

4.77 
4.82 

Fig.18 
Plotting of 1/v versus l/s, at different times of the reaction for the determi
nation of кз and K. 

From fig.18 кз and К can be determined. We find 505 min-1 a n c i 
4.52 χ I O " 4 M / L r e s p . The curve i s shown in fig.19. 

In table V K i s included. К was calculated from formula (14) at dif
ferent t imes . As can be seen К is approximately a constant, while the 
s-t curve differs significantly from z e r o order kinetics. 

The mean value of К is 4.78 χ 1 0 - 4 M / L . 
k^e 

A difference from Km is difficultly to be found: К = Km - , , ^—r-
kl(So+Km) 

This correction term , which has to be applied to Km will be small, 
namely + l 0 /oo of Km. 
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Fig.19 
The Б-t curve from which s and ν were calculated (compare 
fig.18). 

F o r a = i — we find 0.134 m i n - 1 , and thus for ρ (equation 21) 
So+Km H v ч ' 

ρ = 5.2 χ 10-7 e -0.134 t 

ν = | £ . = кзр = 2.65 χ I O " 4 e -0.134 t 

In table VI, calculated and measured values of ν a r e compiled: 

t(min) 

0 
2.5 
5.0 
7.5 

T a b l e VI 

v(M/L.min) v(M/L.min) from analogue 
calculated computor experiment 

2.6 χ I O " 4 2.7 χ I O " 4 

1.9 2.4 
1.4 2.1 
1.0 1.4 

In another case (s-t and p-t curve given in fig.20) was 
k i = 6 χ 105 L/M.min Кщ = 9.70 χ I O " 4 M / L 
k2 = 72 min-1 
кз = 510 min-1 
SQ = 8 x I O " 4 M/L 
e = 15 χ 10-7 M/L 

For α a value of 0.422 min-1 is calculated, and for ν 
ν = 3.39 χ I O " 4 e -0.422 t . 

At different t imes of the reaction ν i s calculated and compared with 
the experimentally determined ν (table VII). 

In fig.21 — is plotted versus 1/s (0: from analogue computation de-
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Fig.20 
Simulated s-t curve from which s and ν 
were calculated (compare fig.21). 

i(Lmin/M)-

25Юа-| 

20 Ю3 

15103-

10 IO3 

5.10s 

βίο5 іаю* «io1 гаіо1 

Fig.21 
A plot of 1/v versus 1/s, at different times of the reaction. 

• · from analogue computation determined 1/v 
о · calculated 1/v 
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termined l/v; D : calculated l/v). 
As can be seen, there is only a d i screet region in which the appro

ximation holds, a s was expected. 

t 

min 

0 
0.625 
1.250 
1.875 
2.500 
3.125 
3.750 
4.375 

β 

M/L 

8.0 χ I O " 4 

6.0 
4.3 
3.1 
2.0 
1.4 
0.9 
0.6 

ν from 

T a b i « 

analogue 

г VII 

computation 
M/L.min 

4.23 χ 
3.70 
3.08 
1.77 
1.29 
0.91 
0.59 
0.41 

I O " 4 

V calculated 
M/L.min 

3.39 χ I O " 4 

2.61 
2.00 
1.53 
1.19 
0.94 
0.72 
0.56 

e : T h e " s a t u r a t i o n c o n c e n t r a t i o n " of t h e e n z y m ç 
A number of curves have been measured (fig.22) under the following 

conditions: 
k i = 41 χ 10 4 L/M.min K m = 14.2 χ 10 
k2 = 72 m i n " 1 

кз = 510 min-1 

s 0 respectively: 2 χ I O " 2 

1 χ I O " 2 

0.5 χ I O " 2 

0.25 χ I O " 2 

M/L 
M/L 
M/L 
M/L 

= 20 χ 10-

-4 M / L 

M/L 

Fig.22 
Simulated s-t curves at different substra
te concentrations (all other variables con
stant) 
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From a plot of versus a value of 476 min-1 forks and 15 χ 1 0 " 4 M / L 

for Km is calculated (fig.23, table VIII). 

i (L min/M) -

02.104 ι 

Fig.2.J 3o 
Lineweaver-Burk plots of 1/v versus 1 /SQ 
for the determination of кз and Km (see 
Table Ш). 

T a b l e VIII 

l/so(L/M) 

0.5 χ 10 2 

1 
2 
4 

l/v(L.min/M) 

0.113 χ 10 4 

0.116 
0.133 
0.163 

Fig.24 
Simulated s-t curves at saturating levels of substrate 
concentration (see Table IX). 
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With relatively high substrate concentration ν changes only to an al
most negligible degree. This effect is more clearly demonstrated by 
lowering the enzyme concentration to half of the above stated value 
(curves shown in fig.24, table IX). 

T a b l e IX 

l/So(L/M) l/v(L.min/M) 

0.5 χ 10 2 0.216 χ 10 4 

1 0.220 
2 0.241 
4 0.250 

In this case the reactions are indeed of zero o r d e r for a large part 
of the reaction t ime, while this was not the case in the first example. 
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VII. ANALOGUE COMPUTOR CALCULATIONS WITH THE SYSTEM 
CHLORO ACETYL-L-PHENYLALANINE-CARBOXYPEPTIDASE A 

By trial and error such к values are to be found that a simulated s-t 
curve coincides completely with an experimentally determined s-t 
curve, and moreover these к values have to fit all s-t curves which 
have been measured at that pH. 

The results are given in table X. Values of SQ are stated in M/L, e 
in M/L, ki in L/M.min as is k4; k2I k3 and ks in min-1. 

pH SQ 

6.5 24.36x10" 
23.60 
12.40 
12.01 
6.12 
5.93 

Mean values 

pH so 

7.0 23.97x10" 
23.22 
21.23 
12.34 

11.95 

11.25 

4.86 

4.71 

4.30 

•4 

k2 

k3 
k4 

k5 

4 

e 

Ti 

б.ПхЮ-
7 

11.84 

6.11 
11.84 

6.11 
11.84 

= 54.4 χ 

= 24 

= 330 
= 23.7 χ 

= 70 

e 

104 

104 

6.49x10-7 

12.57 

28.74 

9.72 

18.83 

35.44 

6.49 

12.57 

28.74 

ïble Χ 

kl 

46.2ХІ0
4 

46.2 

53.2 

53.2 
63.4 
63.4 

kl 

100x104 

100 
100 
123 
123 
123 
123 
123 
123 

k2 

24 
24 
24 
24 
24 
24 

Km 

Kl = 

k2 

57.6 

54.0 
54.5 
54.0 
54.0 
52.8 

54.5 

54.0 

50.0 

k3 

330 
330 
330 
330 
330 
330 

= 6.5 

S-

k3 

330 
330 
330 
330 
330 
330 
330 
330 
330 

k4 

46.2xl0
4 

46.2 

14.5 

14.5 

9.8 
9.8 

χ 10-4 

2.95 χ 10-4 

k4 

Зб.ІхЮ
4 

36.1 

36.1 
36.0 
36.0 

36.0 

36.0 

36.0 

36.0 

k5 

60 
60 
60 
60 
60 
90 

k5 

150 
150 
150 
150 
150 
150 
150 
150 
150 
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Mean values ki = 115 χ IO
4 

k2 = 54.0 

кз = 330 

k4 = 36.0 χ IO
4 

k5 = 150 

K
m
 = 3.94 χ 10-4 

Κχ = 4.19 χ IO"
4 

pH SQ 

7.5 24.77x10" 

24.00 

21.94 

12.37 

11.98 

10.95 

5.90 

5.72 

5.23 

Mean values; 

4 

:ki 

k2 

кЗ 
k4 

k5 

e 

6.49x10-7 

12.57 

28.74 

6.49 
12.57 
28.74 

6.49 

12.57 
28.74 

= 196x 
= 102 

= 480 
= 98.2 л 

= 102 

IO
4 

HO
4 

kl 

218x104 

218 
194 
184 
194 
184 
192 
192 
192 

k2 

105 
101 
102 
101 
102 
102 
102 
102 
105 

Km 

Ki 

кЗ 
480 
480 
480 
480 
480 
480 
480 
480 
480 

k4 

96.5x104 

121 
121 
90.5 
90.5 

90.5 
91.2 

91.2 

91.2 

= 2.36 χ 10-4 

= 1.83 χ 10-4 

k5 

180 
180 
180 
180 
180 
180 
180 
180 
180 

pH SQ 

8.0 24.27x10-

23.51 

21.50 

12.65 

12.25 

11.20 

6.26 

6.17 

5.55 

Mean values: 

4 

:ki 

k2 

кЗ 
k4 

k5 

e 

6.11x10-7 

11.84 

28.57 
6.11 
11.84 

28.57 

6.11 
11.84 

28.57 

= 276 χ 

= 11.9 

= 570 

= 195 χ 

= 110 

IO
4 

IO
4 

kl 

271x104 

271 
271 
278 
278 
278 
278 
278 
278 

k2 

11.1 

12.0 

12.0 

12.0 

12.0 

12.0 

12.0 

12.0 

12.0 

Km 

κρ 

кЗ 
570 
570 
570 
570 
570 
570 
570 
570 
570 

= 2.11 

= 0.56 

k4 

197x104 

204 
204 
192 
192 
192 
191 
191 
191 

χ IO"
4 

χ 10-4 

k5 

90 
90 
90 
120 
120 
120 
120 
120 
120 
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Λ s
0 

5 24.36x10" 

23.60 

21.57 

12.40 

12.01 

10.98 

6.96 

6.74 

6.16 

Mean values: 

•4 

:ki 

k2 

k3 
k4 

k5 

e 

ó.llxlO"7 

11.84 
28.57 
6.11 
11.84 
28.57 
6.11 
11.84 
28.57 

= 70.2 χ 
= 12 

= 510 

= 70.2 χ 

= 60 

104 

IO
4 

kl 

69.6x104 

69.6 

69.6 

71.4 

71.4 

71.4 

69.6 

69.6 

69.6 

k2 

12.0 

12.0 

11.9 

12.0 

12.0 

12.0 

11.9 

11.9 

11.9 

Km 

Kl = 

k3 

510 

510 

510 

510 

510 

510 

510 

510 

510 

= 7.44 

= 0.86 : 

k4 

69.6x104 

69.6 

69.4 

71.4 

71.4 

71.4 

69.6 

69.6 

69.6 

•. x 10-4 

χ 10-4 

k5 

60 

60 

60 

60 

60 

60 

60 

60 

60 

Л s
0 

0 25.88x10" 
25.07 
22.92 

12.68 

12.28 
11.23 
5.92 
5.74 

5.25 

Mean values 

•4 

:kl 

k2 

k3 

k4 

k5 

e 

ó.llxlO"7 

11.84 
28.57 
6.11 
11.84 
28.57 
6.11 
11.84 
28.57 

= 63.0 χ 
= 2.4 

= 450 

= 69.6 χ 

= 30 

IO
4 

IO
4 

kl 

58.2x10-4 

63.6 

63.6 

63.6 

63.6 

63.6 

63.6 

63.6 

63.6 

k2 

2.4 

2.4 

2.4 

2.4 

2.4 

2.4 

2.4 

2.4 

2.4 

Km 

Κι-

k3 

450 

450 

450 

450 

450 
450 

450 

450 

450 

= 7.lé 

= 0.43 

k4 

69.6x104 
69.6 
69.6 
69.6 
69.6 
69.6 
69.6 
69.6 
69.6 

) χ 10-4 

χ 10-4 

k5 

30 

30 

30 

30 

30 

30 

30 

30 

30 

In order to judge in how far the above determined rate constants are 
accurate, the following experiments have been carried out. 

The rate constants of one pH, so and e are varied and the deviation 
of the simulated s-t curve from the experimentally determined s-t 
curvéis measured. As a measure of this deviation the time necessary 
to lower the substrate concentration to half its initial value (ts 1/2) 
was chosen. 
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a: For instance for the case pH = 8.0 
s 0 = 6.26xlO- 4 M/L e = 6.11x10-7 M / L 

Variation of k l : 
k2 = 12 m i n " 1 , кз = 5 7 0 m i n - l ) k4 = 

ts l/2(min) k i (L/M.min) 

143 χ 104 
191 
239 
278 
297 
335 

5.18 
4.17 
3.56 
3.15 
3.10 
2.83 

x lO 4 L/M. min, 

ki(L/M.min) 

392 
430 
480 
525 
575 

k5 = 120 m i n " 1 

ts l/2(min) 

2.45 
2.34 
2.27 
2.12 
1.97 

Variation of k2: 
ki=278xl04L/M.min> к з = 5 7 0 т і п - 1 , k4=191xl04L/M.min,k5=120mm-l 

k2(min-l) ts l/2(min) 

12.0 
6.0 
3.0 

3.20 
3.13 
3.10 

Variation of к з : 
ki=278xl04L/M. m in, k2=12min-l, 

кз m i n - 1 t s l /2(mm) 

570 
520 
450 
390 

3.20 
3.25 
3.30 
3.47 

k4=191xl04L/M.m in. k5=120min-l 

кз m i n " 1 t s l/2(min) 

330 3.76 
270 
210 
150 

4.17 
4.70 
5.62 

Variation of k4: 
k i =278xl0 4 L/M.min, k2 = 12min- l , кз = 5 7 0 m i n - l , ks = 120min-l 

k4 (L/M.min) 

4 8 x l 0 4 

96 
144 
191 

ts l/2(min) 

1.79 
2.23 
2.62 
3.10 

k4(L/M.min) 

236x104 

288 

359 

385 

ts l/2(min) 

3.25 
3.71 
4.02 
4.32 

Variation of k s : 
ki=278xl04L/M.min, к г ^ г т і п - 1 , кз=570тіп-1,к4=191х104Ь/м.тіп 

ks (min-1) ts l/2(min) ks (min-1) 

77 
90 

120 
150 

4.29 
3.80 
3.15 
2.76 

180 
210 
240 

ts l/2(min) 

2.38 
2.15 
1.99 
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*з г ( т т ) 

too гоо зоо 400 soo.io4 loo zoo 
ki(L/Mmin) 

300 400 500x10* 
(o) Icjlmin-1) 

loo гоо зоохіо4 

(o) lC4(L/M.mln) 

10 15 100 ZOO 300 400 
(·) Icslmin-«) 

20 25 

Fig.25 , · , k г ( m l n " , , 

Relationship between half life time of substrate and different values of the reaction constants 
for case a, page 52 
For explanation see text. 

b: The same for the case pH = 7.5, 
s 0 = 10.95xl0- 4 M/L, e = 28.74x10 

Variation of k i : 
k2 = 102min-l, кз = 4 8 0 т і п - 1 > k4 = 90. 

ts l/2(min) ki(L/M.min) 

75xl0
4 

121 

145 

170 

1.30 
0.92 
0.74 
0.71 

Variation of k2: 
k i =191xl04L/M.min, кз=480min-1, k4 

k2 (min-1) 

102 
48 

tsl/2(min) 

0.70 
0.69 

Variation of кз : 
ki=191xl0 4 L/Mjnin,k2=102min-1, k4 

кз (min-1) 

520 
480 
450 
390 

ts l/2(min) 

0.60 
0.70 
0.81 
0.93 

-7 M / L . 

5x104 L/Mjnin, 

ki(L/M.min) 

194x104 
218 
267 
315 

k5 

=90.5xl04L/M.min, 

k2 (min-1) 

24 
6 

=90.5xl04L/M. r nin, 

кз (min-1) 

330 
270 
210 
150 

= 180 min-1 

ts l/2(min) 

0.68 
0.62 
0.58 
0.57 

k5=180min-l 

ts l/2(min) 

0.70 
0.69 

k5=180min- 1 

ts l/2(min) 

1.01 
1.17 
1.43 
1.83 
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Variation of k4: 
ki=191xl0 4 L/M.min, k2=102min-l, к з = 4 8 0 т і п - 1 . k5=180min-l 

k4 (L/Mmin) 

24xl0
4 

48.5 

69.5 

97 

tsJ /2(min) 

0.61 

0.64 

0.77 

0.85 

k4 (L/M.min) 

145xl0
4 

194 
242 
291 

tsl/2(mi 

1.00 

1.12 

1.25 

1.45 

Variation of k5: 

k i=191xl0 4 L/Mjnin,k2=102min- l ,k3=480min- l ) k4=90.5x l0 4 L /M-m i n 

ks (min" 1 ) ts l/2(min) ks (min-1) ts^/limin) 

30 
60 

120 
180 

1.65 

1.16 

0.86 

0.76 

240 
300 
360 

0.71 
0.71 
0.69 

юо 200 300« to* 
к, (L/M. min) 

100 2 0 0 300 400 SOOxlO·* 
kjlmln-1) 

sVfe(raln)-

100 
kjtmln-') 

100 200 ЭООхЮ4 

k4(L/M.mln) 
100 200 300 400 

kstmin"1) 

Fig.26 
Relationship between half life t ime of substrate and different val
ues of the reaction constants for c a s e b, page 53 
For explanation s e e text. 
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In the case mentioned under a, we found for t s l / 2 , with the ra te 
constants given in table X, the values 3.15, 3.20, 3.20, 3.10 and 3.15 
resp . mean value 3.16 + 0.03. 

The computer gives thus an e r r o r in t s l / 2 of 1% under these c i r 
cumstances. To this has to be added the e r r o r in the experimentally 
determined s-t curve, which may be fixed to approximately 4%. 
Total e r r o r in t s l / 2 : 5%. 

For this case we have to take into account an e r r o r of 0.2 min in 
t s l / 2 , which means that k i is between 260 χ IO 4 L/M.min and 300 χ 
ΙΟ 4 L / M . m i n ; a maximum e r r o r of 7% for к],. 

For k2 the situation is very unfavorable. An o r d e r of magnitude can 
be given only. 

The same reasoning applied to кз gives for кз a value between 410 
min-1 and 790 m i n - 1 . 

k4: 170 - 240 x 10 4 L / M . m i n 
ks: 110 - 140 min-1 
In the case, mentioned under b, we find thus: 
k i : 180 - 220 χ IO 4 Ц / м . т і п 
k2: order of magnitude 
кз : 470 - 490 min-1 
k4: 80 - 110 χ IO 4 L / M . m i n 
ks: 160 - 210 m i n - 1 . 
The r e s u l t s given in table X a r e therefore to be considered a s ap

proximate values only. 
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VIII. SUMMARY 

A critical consideration of the assumptions, involved in the steady-
state treatment of enzyme kinetics, showed that these assumptions are 
only partially correct. A new theory is developed from which follows 
that an equation of the type of the integrated Michaelis-Menten equation 
can describe an enzyme catalised reaction, without assuming a steady-
state. This implies that such a reaction is determined by all reaction 
constants involved. 

However, the mathematical problem proved to be insuperably because 
an analytical solution of the problem was not possible. Analog computor 
calculations help to facilitate the problem in this case (chapter II). 

In chapter III a review is given of the properties of carboxypeptidase 
A. This enzyme has been chosen as a model for the kinetics of an en
zyme catalised reaction. 

In chapter IV the purification of the enzyme is described, according 
to known methods of the literature. A new method for the measurement 
of the kinetics of the hydrolysis of chloroacetyl-L-phenylalanine by 
caboxypeptidase A has been introduced. This method is based upon the 
decrease of absorption at 230 ιημ, owing to the hydrolysis of the sub
strate. 

Product inhibition could be demonstrated, which had to be taken into 
account for the analog computor calculations. 

Chapter V represents a brief summary of the principles of analog 
computation and the wiring diagrams employed for some theoretical 
cases (chapter VI) and the calculations with the system chloroacetyl-
L-phenylalanine-carboxypeptidase A. 

These theoretical cases shed some more light on the accuracy of the 
analogue computor for this system. Furthermore it has been clearly 
demonstrated that a true steady-state exists only when the substrate 
concentration is high with respect to the Michaelis-Menten constant 
and the enzyme concentration. 

Rate constants of an enzyme catalised reaction, measured under non 
steady-state conditions and without the aid of a stop flow apparatus, 
can be determined by analog computation. However in this instance the 
accuracy is not very high. 
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I. INTRODUCTION 

Haptoglobin has been discovered by Jayle and Polonovski (1) in 1939. 
In a search for the peroxidase content of biological fluids they found 
that the peroxidase activity of haemoglobin added to serum was higher 
than the peroxidase activity of haemoglobin alone. The pH dependence 
of this enzymic activity was different from that of haemoglobin alone. 
These authors concluded therefore that serum must contain a substance 
which can bind haemoglobin, thus changing the enzymic proper t ies of 
the lat ter . They named this unknown substance haptoglobin. 

Considerable interest has been focussed on this substance, part icu
larly since it was found that it was one of the 0,2 globulines, the amount 
of which is subject to changes in several d i seases . It was found that 
the haptoglobin index of serum was considerable increased in certain 
systemic collagen diseases, such a rheumatism, Hodgkin, Whipple's 
disease, etc. and in many infectious d i seases . 

A comprehensive review of the clinical aspects of haptoglobin has 
been given by Nyman (2). 

A highly fascinating observation was made by Smithies (3), who dis
covered the occurence of genetically controlled serum proteins by means 
of s tarch e lectrophores is . He demonstrated further that these genet
ically determined serum proteins were identical with the haptoglobin 
of Jayle et al (4). This observation was confirmed by Jayle (5). 

Considerable p r o g r e s s has been made in the chemistry of geneti
cally controlled proteins. Several abnormal human haemoglobins have 
been thoroughly analized. It was found that these haemoproteins differ, 
in most cases at least, only in one amino acid. 

For instance, in sickle-cell haemoglobin a glutamic acid res idue has 
been replaced by a valine res idue. Well known a r e the s imi l iar i t ies of 
the insulins and the cytochromes с of different species. 

A chemical difference between genetically controlled haptoglobins 
might be found by s imi lar methods of analysis . It has to be kept in mind 
that as yet it is not known whether this difference, if any, is in the pro
tein part or in the carbohydrate moiety of this glycoprotein. 

The object of the studies reported here i s to find such a difference, 
if any. For this goal a reliable quantitative determination of haptoglo
bin has been worked out, the isolation procedure of the haptoglobin 
complex has been improved, a quantitative amino acid analysis has been 
car r ied out, the N-terminal res idues have been determined and the 
"finger-print" technique of Ingram has been applied to the haemoglo
bin-haptoglobin complex. 
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II. METHODS OF DETERMINATION 

a: The method of Jayle is based upon the peroxidase catalized reaction: 
C2H5OOH + 2 KI + H2O—»-12 + 2 KOH + C2H5OH 

Excess haemoglobin (Hb) is added to serum so that all haptoglobin (Hp) 
is saturated wi*h Hb. The iodine set free, can be ti trated with thio-
sulfate. The reaction is car r ied out under standard conditions (pH 4.4, 
320C, 5 min.). By adding a small amount of iodine in advance, excess 
haemoglobin is inactivated, while the complex is not. By this method 
a blanc is introduced which may amount to 70% of the actual de te rmi
nation. 

This will be probably the reason why Nyman has sought for another 
method (2). She found that haemoglobin and haemoglobin-haptoglobin 
complex possessed opposite electrophoretic mobility at pH 7.0. Under 
these conditions free haemoglobin moves to the cathode, whereas the 
complex migra tes to the anode. In this method the largest amount of hae
moglobin which can be bound by the haptoglobin in a given amount of 
serum, is determined. 

This method has however ser ious disadvantages because it is not 
known in advance how much haemoglobin must be added to the serum. 

We therefore searched for a method which would avoid the disadvan
tages of the two methods and found this by the following procedure: 

b: Bovine haemoglobin solutions were prepared by washing an erythro
cyte suspension several t imes with 0.9% sodium chloride. An equal 

volume of distilled water and half a volume of toluene were added and 
the mixture was shaken for 2 min. After standing for 14 h at 2° the mix
ture was centrifuged and the haemoglobin solution was filtered through 
Celite 535*. An aliquot was taken for a concentration determination by 
the cyan-methaemoglobin method, using a mill imolar extinction co
efficient of 11.4 (6). 

The remainder of the haemoglobin was converted into carboxy-haemo
globin by passing a vigorous s t ream of carbon monoxide through the 
solution. This method for the preparation of haemoglobin has been chosen 
because it was known that this method gave less denaturation than other 

* N.V.Profiltra, Amsterdam. 
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methods(7). Excess haemoglobin (Hb-CO) is added toa serum sample* 
and 0.03 ml of this mixture is applied to the middle of a strip of moist
ened filter paper (Whatman no.l), 5 cm broad, on a line 3 cm long. The 
paper electrophoretic separation of Hb and Hb-Hp was carried out with 
a 0.05 M sodium phosphate of buffer pH 6.9, overnight for 14 h at a po
tential gradient of 2 V cm at 2°C. 

After electrophoresis a band of 2 cm from the starting line towards 
the anode was cut out and eluted by the method of Sanger and Tuppy (8). 
For this purpose a tip was cut in the margin of the paper that was not 
used for the electrophoresis. A small edge of the paper was fixed be
tween twoglass slides(2x3cm), the whole was placed in a trough filled 
with phosphate buffer of pH 6.9 and the eluate was collected in a capil
lary, 20x0.5 cm (Fig.l). 
Peroxidase activity was meas
ured by a slight modification 
of the method of Chance and 
Maehly (9). The system con
sisted of 0.15 M sodium ace
tate buffer of pH 5.0, and 20 m 
moles of guaiacol. Just before 
use, a definite amount of con
centrated hydrogen peroxide 
solution was added to adjust the 
concentration to 40 m M. Op
tical densities were read at 470 
ιημ, using a Unicam spectro
photometer, model SP 500. 

When the elution was com
pleted (3h) the content of the 
capillary was blown into a cu
vette Which contained 3 ml Of f̂eelunon of the Hb-Hp complex from the paper. 
the guaiacol solution, and a 
stopwatch was started. After 
30 sec. the optical density was 
read. 

Conditions for the measurement of peroxidase activity were chosen 
so that a linear relationship was obtained between initial rates of re
action (i.e. the Δε for the first 30 sec. of the reaction) and the concen
tration of the enzyme, i.e. haemoglobin or haemoglobin-haptoglobin 
complex. Fig. 2 shows that such a relationship in fact exists. 

• The aid of Dr.C.A.M.Haanen in the collection of serum samples is gratefully acknowledged. 
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Δ ε / 3 0 s e c 
1.0 

СНЫхЮ' 
Fig.2 
Illustration of the linear relationship between initial rates 
of reaction and enzyme concentration. 

In fig. 3b the resu l t s a r e given of the paper electrophoretic separa
tion of haemoglobin and haemoglobin-haptoglobin complex in three dif
ferent normal sera . The e lectropherograms were stained with ben
zidine according the procedure of Owen, Silberman and Gat (10). 

Fig. 3 a gives the result obtained with haemoglobin alone. No peroxi
dase activity could be found at the cathode side of the starting line. 

Fig.3a 
Electrophoresis of haemoglobin. 

After elution of the Hb-Hp complex the paper was placed in an aque
ous solution of benzidine in sodium acetate buffer of pH 4.7, to which 
hydrogen peroxide was added. Only after 2 min. a very faint blue co
loration was visible, indicating that the elution of the complex was p r a c 
tically complete. 

In order to judge the reproducibility of the method, four runs of the 
same serum were made: For Δε χ 1θ3/30 sec. we found 216, 223, 215 
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Fig.3b 
Electrophoresis of serum with haemoglobin. 
(0.05 M phosphate buffer of pH 6.9. Stained with benzi
dine. Voltage: 2 v/cm, time: 16 hrs.) 

and 221 respectively, with a mean of 219 and mean error of 4, i.e. 1.8%. 
Excess haemoglobin did not interfere with the determination. To the 

same serum sample increasing amounts of haemoglobin were added 
from 240 mg Hb per 100 ml of serum to 1220 mg Hb per 100 ml of serum 
in five steps. Within the experimental error, all five specimens gave 
the same results. 

Δ ε / 3 0 s e c 

Ί 1 i 1 1 1 Γ 
Q02 0,04 ml serum 

Fig.4 
Relation of thedifferent amount of serum and peroxidase 
activity. 
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As shown in fig. 4, and as expected, a linear relationship exists be
tween peroxidase activity and the amount of serum applied to the paper. 

Normal values of haptoglobin levels lay between a Δε χ 10^/30 sec. 
of 26 and 220, with a mean of 165, as determined in duplicate in 15 
serum samples of normal healthy people. 

Fig.Sa 
Paper electrophoresis of haemoglobin-haptoglobin complex (benzidine-
and Amido Black 10 В stain) 
(0.05 M phosphate buffer of pH 6.9. Voltage: 2 v/ cm, time: 16 hrs.) 

c. To correlate the observed activity with the haemoglobin binding ca
pacity of serum, the haemoglobin-haptoglobin complex was isolated 

by a modification of the method of Jayle et al (11) as described on page 
84.AS can be seen from fig.5, the haemoglobin-haptoglobin complex was 

.Fig.Sb 
Starch electrophoresis of haemoglobin and haemoglobin-haptoglobin com
plex. Stained with Amido Black 10 В 
(0.0:î M borate buffer of pH 8.6. Voltage: 20 v/cm, time: 16 hrs.) 
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free off non haemoglobin-haptoglobin components ad judged by paper 
electrophoresis at pH 6.9 (benzidine stain and Amido Black 10 В stain). 
It did not contain any detectable amount of free haemoglobin. Starch 
electrophoresis at pH 8.6, according to the method of Smithies gave the 
same result. 

A concentration determination of the haemoglobin-haptoglobin solu
tion was made by the cyan-methaemoglobin method. It is assumed that 
both haemoglobin and the complex have the same millimolar extinction 
coefficient of 11.4, The activities of the haemoglobin and haemoglobin-
haptoglobin complex were determined at different enzyme concentra
tions in the system 0.15 M sodium acetate pH 5.0, 20 m M guaiacol and 
40 m M hydrogen peroxide. 

The increase in optical density at 470 ιημ during the first 30 sec. of 
the reaction was observed and taken as a measure for peroxidase ac-

Δ ε / 3 0 sec. 

1,0 

Ο.β 

0,6 

0 , 4 -

0 , 2 -

ι ι 1 1 1 
1 2 3 4 5 _ 

[Hb]. 10 7 

Fig.6 
Peroxidase activity of haemoglobin ( · ) and hae
moglobin-haptoglobin complex ( o ) , measured in 
the system containing 0.15 M sodium acetate buffer 
of pH 5.0, 20 mM guaiacol and 40 mM hydrogen 
peroxide. 

tivity. All measurements were made in triplicate. 
Calculated on the basis of haem containing groups, as is determined 

by the cyan-methaemoglobin method, the peroxidase activity of haemo
globin and Hb-Hp complex was found to be the same, within experimen
tal error (Fig.6). 
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In this way the observed activity in the electrophoresis-elution me
thod of haptoglobin determination is directly proportional to the hae
moglobin binding capacity of serum. A somewhat similar method has 
recently been published by Ivanyi (12). 

d: Allthough the activities of haemoglobin and complex are the same, 
it has been frequently observed that the enzymic activity of a haemo

globin solution, diluted in water, was higher than the same dilution of 
this haemoglobin in serum, an indication for the presence of an inhibi
tor in serum for the peroxidase catalized reaction. As can be seen from 
table I not all sera did contain the same amount. 

Serum Дех 103/30 sec 
Nr. Hb diluted in water 

1 161 
2 176 
3 176 
4 119 
5 165 
6 156 
7 156 
8 417 
9 419 
10 277 
11 351 
12 210 
13 210 
14 172 
15 172 

Inhibition takes also place when the purified complex was diluted in se
rum (Table II). 

T a b l e II 
Hb-Hp preparation I 

O.lSmlcomplex solution+0.10ml water 0.02 ml 296 
0.15 ml complex solution+0.10 ml plasma 0.02 ml 247 
0.15 ml complex solution+ 0.35 ml plasma 0.04 ml 206 
O.lSmlcomplex solution+ 0.60 ml plasma 0.06 ml 184 
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T a b l e I 

Δε χ 10 3/30 sec 

Hb diluted in serum 

136 
101 
168 

58 
80 

122 
77 

276 
175 
190 
250 
126 
103 

82 
122 

Difference Шыы^ ^ & & ^ШШ* Д . ^ ^ І Х Х ^ ^ ^ 

25 
75 

8 
61 
85 
34 
79 

141 
244 

87 
101 

84 
107 

90 
50 

% 
Inhibition 

15.5 
42.6 

4.5 
51.2 
51.5 
21.8 
50.6 
33.8 
58.2 
31.4 
28.8 
40.0 
50.9 
52.3 
29.1 



T a b l e II (continued) 
Hb-Hp preparation II 

Dilutions 

0.10 ml complex solution + 0.10 ml water 
0.10 ml complex solution+0.10 ml serum 
0.10 ml complex solution + 0.20 ml serum 
0.10 ml complex solution + 0.30 ml serum 

Quantity applied 
in test mixture дехЮ^ЗОвес 

0.04 ml 235 
0.04 ml 208 
0.06 ml 183 
0.08 ml 162 

Possibly this inhibitor might interfere with the haptoglobin determi
nation, i.e. might have the same electrophoretic mobility as the Hb-Hp 
complex in paper electrophoresis at pH 6.9. In order to clarify this 
point, increasing amounts of haemoglobin were added to given volumes 
of serum, the activities of the mixtures were measured and haptoglobin 
determinations were carried out by the electrophoresis-elution method. 
The activities were compared to the activities of haemoglobin solutions 
in water, with the same final haemoglobin concentration. 

In fig. 7 the results are given of a typical experiment. The activity of 
the eluted complex is smaller than that of free haemoglobin, however 
greater than the activity of haemoglobin, diluted in serum. Thus it is 
concluded that the inhibitor is partly eluted together with the complex. 

The existence of an inhibitor may be the explanation of the sometimes 

τ r 
0425 Q25 0.5 1 2:Ю0 

pjg у haemoglobin concentration 

Peroxidase activity of haemoglobin diluted in water 
( « ), diluted in serum ( ν ) and peroxidase activity 
of Hb-Hp complex after electrophoresis-elution 
( о ), measured in the system 0.15 M sodium ace
tate buffer of pH 5.0, 20 mM guaiacol, 40 mM hy
drogen peroxyde 
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"negative" titration values obtained by Jayle's method of haptoglobin 
determination (compare ref. 2 and 13). 
e: When this method was developped, Connell and Smithies published 

a direct method of haptoglobin determination (14). They added methae
moglobin to serum and measured the peroxidase activity of the mixture 
by the spectrophotometric guaiacol-hydrogen peroxide method in ace
tate buffer at pH 4.0. It was stated that under these conditions the per
oxidase activity of the excess methaemoglobin could be neglected, partly 
due to inactivation in this acid medium. They used human methaemo
globin. 

We were not able to confirm this observation completely. Increasing 
volumes of an Hb solution were added to given volumes of serum and 
the same volumes of water. The peroxidase catalized reaction was fol
lowed for a few minutes. The experiments are summarized in fig.8. 

t470 
800-1 

700 

600-

300-

400-

300 

200-

100 

^ м с 
^Hb-HplSO 4JB5 

/ 

/ 

1 >>Hb-HpllOO 112 

/ S 
1 / ^ » Н Ь - Н р Н З О 135 

ί // ^^^°vsb ̂ 0 U5 

/ //jf^^r-· НЬ-tipl ZOO 1Л7 

/ Ä ^ ^ - ^ ^ — - — · Hb 1 100 030 
/ / ^ ¿ ^ - Τ Ξ Ξ ^ Ξ ! — о — Hb 1150 017 
¡И^г=»-^—u · * нь i zoo ais 

30 90 150 гюс(звс) 2 (Hb) 

Fig.8 
Left: Time course of the peroxidase catahsed guaiacol reaction at different hae
moglobin concentrations in water and in serum, measured in the system 0.15 M 
sodium acetate buffer of pH 4.0, mM guaiacol and 10 mM hydrogenperoxide. 
Right: Plotting of the tangents of these curves against haemoglobin concentration. 

From fig.8a the tangent of the e-t curve can be calculated in that part 
of the curve which is linear. By plotting these tangents against the hae
moglobin concentrations we arrive at fig.8b. This has been predected 
by Connell and Smithies. We will find a plateau at high Hb concentra
tions. If the haemoglobin will not show peroxidase activity in this sys
tem, addition of more Hb will not increase the tangent. 

However it can be seen, that this statement is not entirely correct. 
Haemoglobin does possess peroxidase activity in this system, however 
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to a much lesser extent than that of the complex. The tangents have 
therefore to be corrected for the peroxidase activity of the excess Hb. 
If however in a given serum sample the Hp content has to be determined, 
excess Hb has to be added, i.e. a measurement in the region of the pla
teau. By neglecting the peroxidase activity of the excess Hb, one will 
find always too high a value. The method can give accurate results by 
measuring the complete tangent-concentration curve. 

According to Smithies the decrease of peroxidase activity of free Hb 
is due to a rapid denaturation of free Hb in acid medium (pH=4.0). 

In fig.9 the results are summarized of experiments in which Hb was 
incubated at 250C m 0.15 M acetate buffer of pH 4.0. 

% a c t i v i t y 

100 

301 (mirj 

Ftg.9 
Decreaseof peroxidase activity of haemoglobin after 
incubation of Hb in 0.15 M sodium acetate buffer of pH 
4.0, in the presence of 20 mM guaiacol and of 40 mM 
hydrogenperoxide. 

At different times the peroxidase activity of the haemoglobin was 
measured in the pH 5.0 system. As can be seen there is indeed a slight 
decrease of this peroxidase activity probably due to denaturation of 
haemoglobin. This effect is however not so pronounced that it can ac
count for the observations of Smithies. Addition of guaiacol did give an 
increased denaturation of free haemoglobin. Hydrogen peroxide, up to 
a concentration of 40 mM gave a rapid inactivation of the peroxidase 
activity of haemoglobin. Thisdecrease parallelised the decrease in ex
tinction at 576 πιμ. It is therefore concluded that the haemgroup is at
tacked by hydrogen peroxide, resulting in a destruction of the haem
group with a concomittant loss of peroxidase activity. 

Asean be seen however from fig. 10, at pH 5.0 as well as at pH 4.0, 
both haemoglobin and Hb-Hp complex are attacked by hydrogen per
oxide over a wide range of concentrations, the complex to a lesser ex
tent than free haemoglobin. 

Measurement of a Hb or Hb-Hp complex catahzed peroxidase reac-
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tion over a longer period of time is therefore dubious. It is better to 
measure initial velocities. 

too [Нг02)=40тМ 1 (НгОгІ-готм -j Гн202]=ютм [Н2О г]=4тМ 

Τ 1 1 1 1 1 1 ' 1 1 1 1 1 1 1 1 1 ' Γ τ 1 1 1 1 Ι 

30 90 150 210 30 90 150 210 30 90 150 210 30 90 150 210 
t(sec) t(sec) Msec) t(sec) 

[Н20г1=4тМ 

-1 1 1 1 1 \ Г-1 

30 90 150 210 30 90 150 210 30 90 150 210 30 90 150 210 
t(eec) t(sec) t(sec) t(sec) 

Fig. 10 
Peroxidase activity of Hb and Hb-Hp complex at different hydrogen 
peroxide concentrations. For detailed information see text. 
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III. GENETICS OF HAPTOGLOBINS 

The haptoglobin types can only be distinguished by s tarch e lect ro
phores is . In paper- or moving boundary electrophoresis all haptoglo
bins behave as a.2 globulins. 

By means of s tarch electrophoresis 5 groups, with 3 main groups 
can be distinguished. It seems that the haptoglobins a r e controlled by 
a pair of autosomal genes. 

The three main groups a re named: 
haptoglobin 1-1: Hpl /Hpl 
haptoglobin 2-2: Hp2/Hp2 
haptoglobin 2 - 1 : Hp 2 /Hpl 

In addition to these groups, two minor groups have been discovered: 
haptoglobin 0-0 (Hp0 /Hp0): there is no haptoglobin at all (ahaptoglo-
binaemia) and haptoglobin 2-1 modified (Hp 2-1 Mod.) which seems to 
be derived from Hp 2 - 1 . 

The haptoglobin types can be seen by applying starch electrophore
s is to a se rum- or plasma sample to which excess haemoglobin has 
been added and staining the electropherogram with benzidine. The r e 
sulting brown coloured pattern is shown in fig. 11. 

(homozygote) 
(homozygote) 
(heterozygote) 

+ 
A l 

Direction 
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Hp 
2-Z 

Hp 
2-1 

Hp 
2-1 mod 

Hp 
0 - 0 

Start 

Fig. 11 
Diagramatic scheme of the starch electropherograme of 
different haptoglobins. 

That these proteins a r e genetically determined can be seen from table 
III (ref.4): 
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T a b l e III 

Haptoglobin type 
c?x5 

1-1 χ 1-1 

1-1 χ 2-1 

1-1 χ 2-2 

2-1 χ 2-1 

2-1 χ 2-2 

2-2 χ 2-2 

Number of 
matings 

1 

О 

δ 

5 

4 

Offspring 
number 

2 

0 

0 

20 

8 

9 

Offspring 
Haptoglobin type 

Hpl-1 Hp2-1 Hp2-2 

Ol 2 

El 2 

0 
0 

0 
0 

0 
E 
0 
E 
0 
E 

8 
5 
0 
0 
0 
0 

8 
10 

5 
4 
0 
0 

4 
5 
3 
4 
9 
9 

1) О = observed, E = expected 

This finding has been confirmed by H a r r i s and coworkers (15), table 
IV. 

JtC 

1-
1-
2-
1-
2-
2-
2-
2-
2-

I1 

-1 
-1 
•1 

• 1 

-2 
-1 
1 

-2 
-2 

[obin type 
χ δ 

χ 1-
x 2 -
x 1-
x 2 -
x 1-
x 2-
x 2 -
x 2-
x 2 -

• 1 
• 1 

• 1 
-2 
• 1 

•1 
-2 
•1 

•2 

Т а 

Number of 
matings 

4 
5 
3 
7 
6 

23 
26 
19 
14 

b l e IV 

Offspring 
number 

11 
16 

8 
22 
17 
52 
52 
46 
34 

Offspring 
Haptoglobin type 

Hpl-1 Hp2-1 Hp2-

11 
7 
3 
-
2* 

18 
-
-
-

_ 

8 1* 
5 

22 
11 4* 
23 11 
33 19 
25 21 

2* 32 

107 258 41 129 88 

Those cases marked with an as ter i sk showed an atypical segregation 
of haptoglobin types. Four of these c a s e s could be accounted for by i le-
gitimacity. 

The pedigree of one of the other c a s e s i s shown in fig.12 (ref.15). 
The general picture of table IV is however not in disagreement with 

the hypothesis of the genetics of haptoglobin, which is also confirmed 
byGalat ius- Jensen (16) and by Makela and coworkers for a large num
ber of cases (17). 
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Flg. 12 
Genetic pattern of a family with atypical segregation of haptoglobins (after Harris et 
a l , réf. 15). 

These investigations prompted the study of the frequencies of the 
haptoglobin types in different populations. This may be of significance 
for anthropological studies. 

Table V gives a summary of the results. 

Country 

Canada (Toronto) 
U.S.A. (Chicago) 
Sweden (Lund) 
Gr.Britain (Oxford) 
Gr.Britain (Cambridge) 
Spain (Basque) 
Africa (Liberia) 

(Ivory Coast) 
Africa (Nigeria) 
U.S.A. (Seattle, negro) 
Venezuela (Caracas) 
Sweden (Lapps) 
Germany (Bayern) 
Denmark 
Switzerland 
Japan 
Australia (white) 
South-East Asia 

Malays 
Chinese 
Indians 

Holland 

T a 

Number 

39 
54 
46 

218 
258 
107 
142 

99 
406 
208 
329 
273 

2046 
920 
349 
323 

236 
167 
219 

43 

b l e 

0-0 
% 

0 
0 
0 
2.7 
0 
0.9 
0 

32.3 
4.2 
0 
2.1 
0 
0 
0 
1.4 
0.3 

0.8 
1.2 
1.8 
0 

V 
Haptoglobin type 

1-1 
% 

21.1 
11.1 
15.0 
10.1 
15.9 
14.0 
48.7 

53.5 
26.4 
27.4 

9.4 
19.4 
16.0 
15.2 
6.0 

14.6 

5.1 
10.8 

1.8 
9.3 

2-1 
% 

50.5 
53.7 
50.0 
55.5 
50.0 
45.7 
42.3 

11.1 
38.2 
54.8 
43.2 
54.2 
47.3 
48.8 
35.0 
46.1 

35.6 
34.1 
13.7 
60.5 

2-2 
% 

28.4 
35.2 
35.0 
31.7 
34.1 
39.3 

9.1 

3.0 
21.4 
17.8 
45.3 
26.4 
36.7 
36.0 
57.6 
39.0 

58.1 
53.9 
81.7 
31.2 

2-lMod 
% 
-
-
-
-
-
-
-

-
9.8 
-
-
-
-
-
-
-

0.4 
-

0.9 
-

Ref 

4 
18 
19 
20 
15 
20 
18 

20 
21 
22 
23 
24 
16 
39 
65 
66 

67 
67 
67 
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It should be noted that the numbers of Hp2-1 are probably to high for 
some of this studies as the group Hp2-1 Mod. was not always recogniz
ed. 

A correlation between haptoglobin types and blood group substances 
does not exist (17, 39). 

It is doubtful whether HpO-0 (ahaptoglobinaemia) is under genetic 
control. According to Sutten et al (25), there is some indication that 
this is indeed the case, as is illustrated in the pedigree of fig. 13. 

2-2 n.d 

n d 

if ¿-
0-0 nd. 4 2-1 

ό" 0* 

-cT 
2-1 

0-0 0-0 0-0 

Fig.13 
Pedigree showing the assumed genetic control of Hp 0-0 
(after Sutton et al. réf. 25). 

However it should be born in mind that some diseases exist in which 
an acquired ahaptoglobinaemia occurs (haemolytic anaemia, malaria, 
etc. see below). 

The existence of serum haptoglobin variations in animals has never 
been reported. 

It would be nice to have an animal with such variations, specially with 
regard to the synthesis of this different proteins. 

In order to examine this phenomenon further, it would be desirable to 
work with a non inbred animal. The Dutch sheep would seem to be most 
suited for such investigations, since in case of haemoglobin variations 
these animals have given rise to success (26,27). However we were not 
able to demonstrate any variations in serum haptoglobins in 43 sheeps 
by the starch electrophoretic technique to be described below*. The 
haptoglobin type was conform to human haptoglobin 1-1. Since we learned 
from Laurell (28) that he could not find such variations in dog, horse and 
cow, we discontinued these investigations. Recently the absence of more 
than one haptoglobin type in monkeys has been reported. (29). 

* The expert assistance of Dr.M.J.Dobbelaar and his staff of the Central Animal Laboratory in 
the collection of blood samples is greatly acknowledged. 
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Technique of starch electrophoresis 

This technique was carried out mainly as described by Smithies (3, 
30, 31). 

Preparation of the gel: 300 g of Analar soluble starch, B.D.H., is sus
pended in 600 ml of acetone - HCl (1 volume of cone. HCl to 100 volumes 
of acetone) at 38.50C. After standing for 45 min. at this temperature, 
without stirring, 150 ml of 1 M sodium acetate is added to stop the hy
drolysis. The starch is then filtered off and washed with distilled water. 
In order to remove last traces of acetate the starch is resuspended in 
distilled water. After standing overnight the starch is filtered off and 
washed with distilled water and acetone, until it is free of water and 
dried in an oven at 40-50oC. 

To a weighed amount of starch is added 0.03 M borate buffer of pH 
8.6 to give a 15% solution. Under vigorous stirring the mixture is heat
ed to the boiling point, untila homogeneous viscous solution is obtained. 
The hot starch solution is poured in a perspex trough (fig. 14a for the 
horizontal technique, fig. 14b for the vertical technique). After filling 
the apparatus it is immediately closed to prevent evaporation of the 
solvent. After cooling to room temperature the sample can be applied 
to the gel. The gel has to be used on the same day of its preparation. 

Fig.14 
a· Exploded view of the apparatus employed for horizontal starch electrophoresis. 
b Exploded view of the apparatus used for vertical starch electrophoresis. 
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A p p l i c a t i o n of t h e s a m p l e : 

a. Horizontal technique: 
With a razor blade a small slit is cut into the gel (1 mm broad) about 

5 cm from the smallest edge of the trough. A small piece of filter pa
per (Whatman No Л or 3 MM) is dipped into the sample and placed in 
the slit. Electric contact with the buffer solution (0.3 M borate buffer 
of pH 8.6) of the electrodes is brought about by moistened filter paper 
(Whatman No.3 MM). The apparatus is closed and placed between the 
electrodes. 

b: Vertical technique: 
The slot former is removed and the apparatus is opened. The slots 

are half filled with the samples to be analysed. These slots are closed 
by pouring melted paraffin on it. Electric contact with the buffer so
lution of the electrodes (0.3M borate buffer of pH 8.6) is affected by 
moistened filter paper (Whatman No.3 MM). The apparatus is closed 
and placed between the electrodes. 

Electrophoresis is carried out overnight, applying a voltage of 150 
V for the horizontal technique and a voltage of 600 V for the vertical 
technique. 

After electrophoresis the gel is cut into two halfs with very thin 
sewing-cotton. This is easily accomplished by the special construc
tion of the apparatus (see fig.l4). The gel can be stained with benzi
dine, for the case that haemoglobin has been added to the serum sample, 
or with Amido Black 10 В (saturated solution in methanol-acetic acid 
9:1 V/V). The last method requires extensive washing of the stained 
gel with methanol-acetic acid (9:1). 
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IV. CHEMISTRY OF HAPTOGLOBINS 

The biochemical function of haptoglobin is not known with certainty. 
One function is perhaps to prevent the excretion of haemoglobin by the 
kidney. It has been shown by Laurell and Nyman (32) and by Allison 
and Rees (33) that haptoglobin bound haemoglobin is not excreted by the 
kidney, while free haemoglobin (i.e. after all the plasma haptoglobin 
has been saturated with haemoglobin) is excreted. The "renal thres
hold" of haemoglobin is completely determined by the haptoglobin con
tent of plasma. Laurell and Nyman (32) found that after intravenous in
jection of haemoglobin, the serum Hb-values decreased at a constant 
rateof 13 mg per 100ml per hour. This constant elimination suggests a 
low capacity .of some organic system (probably the R.E.S.). The re
moval of the haemoglobin-haptoglobin complex is however faster than 
the synthesis of haptoglobin, which means that after a haemolytic con
dition very low haptoglobin values may be found. The ("genetically de
termined") cases of ahaptoglobinaemia are therefore to be interpreted 
with care. Very low haptoglobin values were found by us in several cases 
of polycythaemia, another casein which excessive erythrocyte destruc
tion may occur. It has been shown that about half of the amount of hae
moglobin daily set free by erythrocytolysis diffuses into the plasma and 
is captured by haptoglobin (34), which means that excessive erythrocyte 
destruction will yield low haptoglobin values. 

Jayle and coworkers have purified one of the haptoglobins from the 
urine of a patient with lipoid nephrosis by means of ammoniumsulfate 
fractionation. As judged by electrophoresis between pH 4 and 10, ul
tracentrifuge data, salting out, Ouchterlony technique and Immunoelec
trophoresis, the preparation was homogeneous (35, 36). Some chemical 
properties have been determined, which are summarised in table VI. 

Compound 

N 

Protein 
Glucosamine 
Carbohydrates 

T a b l e VI 

Technique 

Micro Kjeldahl 
Micro Dumas 
Biurete 
Elson -Morgan 
Sörensen, Haugaard 

Result ι 

12.3 
12.9 
83 

5.7 
11.3 
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Compound 

Red.Sugars 
Glucuronic ас 
Cholesterol 
Lipids 
Ρ 
S 
Sialic acid 

:id 

T a b l e VI (continued) 

Technique 

Hagedorn - Jensen 
Tollens 
Liebermann 
Delsal 
Lieb 
Zimmerman 
Werner, Odin 

Re suit (%) 

14.7 
-
-
-
-

1.68 
4.5 

The protein behaved electrophoretically as an a2 globulin of molecular 
weight 85.000 (table VII, rfef. 37). 

T a b l e VII 

Sedimentation constant S20>w = 4.1 ± 0.1 S 

Diffusion constant D 2 0 . w = 4.7 ± 0.2 χ 10-7 

Electrophoretic mobility, pH 7.6 u = - 3.3 χ 10"^ cm^/V/sec. 

phosphate buffer, μ = 0.2 

Rotation [ a ] = - 50° 

Iso electr ic point pH 4.1 

Increment of refraction (g/L) -τ- = 2.3 χ I O - 4 

J err 
Molecular weight M = 85.000 

Extinction coefficient ( \ = 2 7 8 m ) E / c =15.6 
cm 

After combination with haemoglobin a molecular weight of approxi
mately 165.000 was found, indicating a one to one ratio of haemoglobin 
and haptoglobin in the complex. 

In addition to this complex, isolation of the complex from human serum 
yielded another complex (38), of molecular weight + 310.000. Accord
ing to these authors this complex is the d imer ic form of the first men
tioned. These experiments were however performed before the gene
tically determined haptoglobins were recognised. Most probably the mo-
nomeric form is aequivalent to Hb-Hp 1-1, the "d imer ic form" to Hb-
Hp 2-2. 

The ultracentrifuge studies of B e a m and Franklin (40) require spe
cial consideration. They isolated α2 globulins from serum by starch 
block e lectrophores is . After this prel iminary purification they added 
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to the α2 fraction haemoglobin C, result ing in the formation of Hb-C-
Hp complexes, with a slower electrophoretic mobility than the other 
α 2 globulins. Starch block e lectrophoresis of this mixture gave pure 
complexes, which were studied in the ultracentrifuge. It was shown that 
Hb- Hp 1-1 gave one peak in the ultracentrifuge, with an approximate se
dimentation constant of 6 S, as did Hb-Hp 2-2 with an approximate sedi
mentation constant of 11 S. (These findings correspond to those of Jayle 
et al). The heterozygote Hb-Hp 2-1 showed however, in addition to two 
minor peaks of 6 S and 11 S, which a r e also found in Hb-Hp 1-1 and Hb-
Hp 2-2 respectively, a large peak with an approximate sedimentation 
constant of 9 S, while this fraction did not appear in either homozygotes. 

In this instance the unique fact is encountered that the heterozygotes 
have a protein which is different from both of the homozygotes. This is 
demonstrated also in the starch electrophoretic pattern, as can be seen 
in fig.11. The components of Hb-Hp 2-1 move with a slightly higher mo
bility than the components of Hb-Hp 2-2. It seems that one of the fac
t o r s that governs the s tarch electrophoretic separation is the demen-
sion of the molecule (31). This combination of facts and assumptions 
has led Allison (41) to the following hypothesis: 

It is assumed that Hp l - l c o n b i s t s of one protein (as is given by elec
trophores i s and ultracentrifuge) just as does Hp 2-2. The difference be
tween these two proteins would lay m the inability of Hp 1-1 to combine 
with itself, to form a dimer, etc. but be able to combine with Hp 2-2. 
Hp 2-2 however can combine with itself to form a dimer, t n m e r , etc. 
In this way it is possible that the heterozygote has other proteins than 
either of the homozygotes. The "one gene - one enzyme" hypothesis is 
saved. However, addition of Hp 1-1 to Hp 2-2 does not give r i s e to new 
components. Binding between monomers must therefore be assumed 
tobe very intensive (which has not been proven) or the heterozygote has 
a chemical linkage between monomers , which does invalidate the "one 
gene - one enzyme" hypothesis. 

The serum groups Hp 2-1 Mod and Hp 0-0 remain difficult in this 
view. For Hp 0-0, if it really exists, a "silent gene" has to be assumed. 

Typeof linkage involved in Hb-Hp complex: Very little is known about 
the binding of haemoglobin to haptoglobin. It seems that the haem group 
is not involved in this binding as Hb-CO, Met Hb, Hb CN a r e equally 
bound to haptoglobin and the character i s t ic absorption bands of haemo
globin a r e the same, before and after reaction with haptoglobin (13). 
Globin forms a somewhat weaker complex than haemoglobin (13), but 
this may be attributed to part ia l denaturation of globin, prepared by the 
method of Anson. Human foetal haemoglobin (13), horse, ox and rabbit 
haemoglobin (1,13) a r e equally bound to haptoglobin. 

SH groups a r e most probably not involved in the binding. Native hap
toglobin has no free SH groups, the complex has the same number as hae-
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moglobin (42). 
Van Royen found that treatment of haemoglobin with formaldehyde p r e 

vented complex formation, while t reatment of scrum with formaldehyde 
before haptoglobin determination did not decrease the haptoglobin con
tent. He suggested therefore that the amino groups of haemoglobin and 
the carboxylic groups of haptoglobin a r e involved in the linkage (13). 

On the other hand Jayle et al (43) found that addition of glucosamine 
in a concentration of 0.1 M inhibits the complex formation by about 15%. 
They suggested therefore that the carbohydrate moiety of the hapto
globin molecule should be involved. However it was found that salmine 
did give 20% inhibition of complex formation, a s did RNA and DNA even 
to a grea ter extent (60). This suggests that van der Waals forces play a 
great role in complex formation. Sialic acid residues seem to be not 
involved in complex formation. Complex formation proceeds to the same 
extend after incubation of haptoglobin with receptor destroying enzyme 
(60). 

The site of synthesis of haptoglobin is not knwon. According to Jayle 
i t i s synthes ised in connective t issue (44). Owen and Mackay suggested 
that haptoglobin is synthesised in the liver (45). It i s a fact that in all 
s ta tes with excessive cell proliferation high haptoglobin levels a r e found. 
Androgens stimulate haptoglobin production (46), a s do carragenine in
duced granulomas (47), a finding which could be confirmed by us (48). 

All these above mentioned facts rendered it necessary to give a more 
detailed summing up of the chemical composition of haptoglobin. We 
therefore undertook a study of the amino acid composition and the N-
terminal res idues . "Fingerpr in ts" according to Ingram (49) might pe r 
haps reveal a chemical difference between the genetically determined 
haptoglobins. 
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V. ISOLATION OF HAEMOGLOBIN-HAPTOGLOBIN COMPLEX 

For the purification of Hb-Hp the procedure of Jayle et al (11) was 
followed with slight modifications. 

Firs t ly the haptoglobin type is determined by s tarch e lectrophores is . 
Secondly the haptoglobin content of the plasma sample* i s determined. 
Samples with too low values a r e discarded. 

All t rea tments a r e carr ied out in the cold room at 2-6 0 C. The plasma 
is deluted 1:3 with distilled water and brought up to 50% ammoniumsul-
fate by addition of the proper amount of solid salt. The precipitate is 
filtered or centrifuged and dissolved in the same amount of water. The 
haptoglobin containing fraction is reprecipitated asdescr ibed above and 

Fig.15 
Paper electrophoresis (benzidine-and Amido Black 10 В stain) and starch 
electrophoresis (Amido Black 10B stain) of purified haemoglobin-hapto-
globin complexes (paper electrophoresis: 0.05 M phosphate buffer of pH 
6.9. Voltage: 2 ν/cm, time: 16 hrs. Starch electrophoresis: 0.03 M borate 
buffer of pH 8.6. Voltage: 20 v/ cm, time: 16 hrs). 

• The generous gift of plasma samples by the Blood Transfusion Services of the St.Radboud Hos
pital and the St.Canisius Hospital, Nijmegen, is gratefully acknowledged. 
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dissolved in half the volume of water. 
Excess haemoglobin is added to the solution and the mixture is brought 

to 50% ammoniumsulfate. The precipitate is filtered or centrifuged. 
The filtrate or supernatant (in which the Hb-Hp complex) is brought up 
to 66% ammoniumsulfate and filtered or centrifuged. The precipitate 
is dissolved in a minimum amount of water and again precipitated be
tween 57 and 66% ammoniumsulfate. This procedure is repeated twice. 
Finally the solution is thoroughly dialysed against running tap water. 

It was frequently observed that the solution did contain considerable 
amounts of haemoglobin (which begins to precipitate at 66% ammonium
sulfate). It is known that haemoglobin is absorbed by carboxymethyl-
cellulose, aequilibrated with a 0.01 M phosphate buffer pH 6.5 (50). We 
found that under these conditions the complex is not absorbed. 

Batchwiseadsorbtion of the solutions under these conditions removed 
completely all haemoglobin. 

The purity of the samples was judged by paper electrophoresis at pH 
6.9 (benzidine-and Amido Black 10B stain) and starch electrophoresis 
at pH 8.6. 

Typical examples are shown in fig. 15. 
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VI. AMINO ACID ANALYSIS OF HAEMOGLOBIN-HAPTOGLOBIN COM
PLEXES 

For the amino acid analysis of our purified Hb-Hp preparation the 
procedure of Moore, Spackman and Stein (51) was used. 

The resin, Amberlite IR-120, 8% cross-l inkage, is fractionated ac-

liquld parafine 

buffer pH 325 

pressur« 

\J \У ч-У KJ 
water columns 

amberlite column -

Τ 5 0 " — * = Z 

\ / 

fraction collector 

Fig. 16 
Diagramatic scheme of the apparatus for the amino acid analysis. 
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cording to the method of Hamilton (compare ref.51). The resin is re
generated by heating for 3 hrs on a boiling water bath with 4 N HCl, 
washing with distilled water until neutrality against lithmus, washing 
with 4N sodium hydroxide and finally washing with distilled water un
til neutrality. The resin is equilibrated with buffer of pH 3.24 or buffer 
of pH 5.26 (see below). The sample is administered to the column (150 
χ 0.9 cm) and rinsed in the column with buffer of pH 3.24. With a pres-
suredevice(seefig.l6)bufferofpH3.24 is pressed through the column. 
The eluate is collected in 2 ml portions with a Hösli fraction collector, 
equipped with a drop counting device. After elution of approximately 
250ml, buffer of pH 4.25 is pressed through the column. After phenyl
alanine has emerged from the column the experiment is stopped. This 
procedure is carried out at 5(PC by pumping thermostatically controled 
water through the water mantle of the column. 

The small column, for the basic amino acids, is operated at SOOC 
too. Elution takes place with buffer of pH 5.25. 

The elution diagram is shown in fig. 17. 
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Fig.17 
Elution diagram of amino acids on Amberlite IR 120 chromatography. 

Buffer solutions: 
Buffer of pH 3.24 : 42.1 g of citric acid. H2O and 16.5 g of sodium hy

droxide are dissolved in approximately 1900 ml of distilled water. 10 
ml of a33%Brij-35 solution and 10 ml of thiodiglycol are added and the 
pH is adjusted to 3.24 with concentrated hydrochloric acid. The volume 
is made up to 2 L. 

Buffer of pH 4.25: 49.0 g of citric acid. 1 H2O and 16.5 g of sodium 
hydroxide and the other components are treated in the same way. Buf-

BufferofpH5.25:49gof citric acid and 29.Og of sodium hydroxide, 10 
ml of 33% Brij-35 solution and 10 ml of thiodiglycol are dissolved in 
1900 ml of distilled water. The pH is adjusted to 5.25 by dropwise ad-
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dition of concentrated hydrochloric acid and the volume is made up to 
2 L. 

Before chromatography the buffers a r e boiled to remove a i r and im
mediately layered with liquid paraffin. 

Quantitative amino acid analysis of each fraction is car r ied out by 
the modified ninhydrin method of Stein and Moore (52). 

To each fraction 1 ml of ninhydrin reagent is added with an automatic 
pipette. The tubes, ina rack of 50, a r e shaken for half a minute, closed 
with Kapsenberg caps and heated in a boiling water bath for 15 min. 

The tubes a r e cooled to room temperature in streaming tap water. 
With an automatic pipette 5 ml of a 1:1 mixture of ethanol and water i s 
added to each tube. The content is mixed and the optical density i s read 
at 570 ιτιμ, using a Unicam spectrophotometer, model SP 500. Prol ine 
is measured at 470 ιημ. 

Ninhydrin reagent: 20 g of ninhydrin and 3 g of hydrindantine a r e dis
solved in 750 ml of peroxide free methyl-cellosolve. 250 ml buffer of 
pH 5.5 a r e added and the mixture is stored in a dark flask on a dark 
place. 

Buffer of pH 5.5: 2720 g of sodium acetate. ЗН2О a r e added to two 
l i t e r s of distilled water and heated until it i s dissolved. After cooling 
to room temperature 1550 ml of glacial acetic acid a r e added. The vol
ume is made up to 5 L. The pH of this solution should be 5.51 + 0.03. 
If this i s not the case, the pH can be corrected by addition of a small 
amount of acid or base. 

Preparat ion of hydrindatine: 80 g of ninhydrin a r e dissolved in 2 L 
of distilled water of 9(PC. Then a solution of 80 g of ascorbic acid in 
400 ml of distilled water is added slowly with s t i r r ing. Crystallisation 
of hydrindantine sets in immediately. After cooling to room temperature 
the crys ta l s a r e filtered off and dried in a vacuum dess iccator over 
P2O5. Yield approximately 68 g of hydrindantine. 

All reagents a r e prepared from p.a. chemicals . 

A standard solution of leucine of known concentration is treated in the 
same way to obtain the relation between optical density and concentra
tion. 

As the color yiels of the amino acids a r e not the same the color fac
t o r s given by Stein and Moore (52) have to be taken into account. 

Hydrolysis of the protein mater ia l was carr ied out in 6 N hydrochlo
r ic acid. During hydrolysis tryptophane is decomposed completely, while 
some other amino acids (serine, methionine, tyrosine and lysine) give 
r i s e to some loss owing to destruction. It is possible to correct for 
these losses by measuring the amount of amino acid after different 
t imes of hydrolysis. Extrapolation to zero time gives the rea l amount 
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of that amino acid. 
This was however not done here; 24 hrs hydrolysates were compared. 

Cysteic acid determinations were carried out by the method of Kim-
mel, Thompson and Smith (53). Cystine and cysteine residues of the Hb-
Hp complex are oxidised with performic acid to cysteic acid. After hy
drolysis of the oxidised protein, cysteic acid is quantitatively determined 
by chromatography over Dowex-50. Cysteic acid emerges in front of all 
other amino acids of the hydrolysate. 

Performic acid is prepared by mixing one volume of 30% hydrogen 
peroxide and nine volumes of 90% formic acid. After standing for one 
hour at room temperature 2.5 ml of this solution is added to 10 mg of 
Hb-Hp complex. The mixture is stored overnight at 2-60C. The solvent 
is evaporated under reduced pressure in a flash evaporator, the re 
sidue is taken up in 5 ml of 6 N hydrochloric acid and hydrolysed for 
24 hrs. 

After this time the solvent is evaporated under reduced pressure as 
above. A small amount of distilled water is added and evaporated again. 
This is repeated twice, in order to remove last traces of HCl. The re 
sidue is taken up in a small amount of water and applied to a Dowex-
50X8 column (0.9x25 cm), equilibrated with buffer of pH 3.24. The ana
lysis of the fractions proceeds as is described above. 

In this procedure, insulin gave an average of 88% of the known amount 
of this amino acid. The results are therefore divided by a factor 0.88 
to give the true amount of cysteic acid (54). 

The results of the analysis are given in table Vili. For comparison 
the amino acid composition of haemoglobin is also given (55). 

The results represent average values of 6 separate analysis, with 
the standard deviations, and are given in grams amino acid per 100 g 
of protein, assuming a carbohydrate content of 17% for haptoglobin, 
which means 89.9% protein for the complex if a molecular weight of 
85.000 for haptoglobin and 68.000 for haemoglobin is assumed. 

T a b l e VIII 

Amino acid 

Asp 
Thr 
Ser 
Glu 
P ro 
Gly 
Ala 
Val 

Hb-Hp 1-1 

10.21 + 0.20 
4.35 +0.18 
3.49 + 0.22 
9.47 +0.31 
5.99 +0.66 
2.83 + 0.20 
5.93 +0 .20 
7.33 +0.16 

Hb-Hp 2-1 

10.26 + 0.07 
4.93 +0.12 
3.41 +0.08 
8.95 +0.17 
6.81 +0.24 
3.34 +0.10 
5.76 + 0.13 
7.64 + 0.18 

Hb-Hp 2-2 

10.06 + 0.29 
4.63 + 0.04 
3.41 +0.08 

10.70 + 0.29 
6.74 +0.17 
3.16 +0.17 
5.86 + 0.03 
6.44 + 0.46 

Hb 

9.8 
5.2 
4.1 
6.4 
4.9 
4.3 
9.4 

10.5 
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T a b l e VIII (continued) 

Amino acid 

lieu 
Leu 
Tyr 
Phe 
Lys 
His 
Arg 
Cys/2 

Hb-Hp 1-1 

2.38 + 0.04 
9.56 + 0.13 
4.93 + 0.09 
5.17 +0.20 
9.67 + 0.25 
5.68 +0 .13 
2.90 + 0.11 

Hb-Hp 2-1 

2.32 + 0.04 
9.05 + 0.17 
4.65 + 0.04 
4.78 +0 .10 
9.22 +0.18 
5.79 + 0.09 
2.98 +0.16 
1.64 +0.11 

Hb-Hp 2-2 

2.44 + 0.25 
8.89 +0.25 
4.72 +0 .21 
4.63 +0.12 
9.98 + 0.97 
5.35 +0 .13 
2.86 + 0.25 
1.76 + 0.08 

Hb 

_ 
13.5 

2.7 
6.7 
9.4 
8.2 
3.1 



VII. N-TERMINAL RESIDUES OF HAPTOGLOBINS 

In as much a s we had little mater ia l to work with, a suitable micro-
method was chosen for the determination of N-terminal res idues, namely 
the method of Keil (56). The protein r e a c t s with 2.4-dinitrofluoroben-
zene(FDNB)toform2.4-dinitrophenylderivatives(DNP) with free ami-
nogroups (if any). The DNP protein is isolated and hydrolysed in 6 N 
HCl. DNP amino acids of the hydrolysate a r e isolated by chromato
graphy on very smal l Zerolith H columns. DNP amino acids a r e eluted 
from the column, taken up in a small volume of ethanol and applied to a 
paper chromatogram for two dimensional chromatography. The yellow 
spots were identified by comparison with authentic samples of DNP ami
no acids. 

A quantitative analysis of DNP amino acids is car r ied out by elu-
tion of these spots with dilute sodiumcarbonate solution, followed by a 
spectrophotometric concentration determination at 360 τημ. As it i s 
known that haemoglobin possesses four N-terminal valine res idues (57) 
a quantitative determination of N-terminal res idues of the haptoglo
bin part of the complex (if any) i s easily made by comparison with the 
amount of DNP-valine, if haptoglobin does not contain N-terminal va
line res idues . 

Preparat ion of DNP-complex: This is carr ied out a s described by 
Levy et al (58). 

The protein solution (approximately 20 mg in 5 ml of water) i s brought 
to a concentration of 0.1N KCl by addition of the proper amount of sol
id salt. With 0.05 N KOH the pH is adjusted to 8.0. Then 0.1 ml of FDNB 
is added and the pH adjusted to 8.0 by the addition of 0.05 N KOH with 
an Agla m i c r o m e t e r syringe. This procedure is car r ied out in a ther-
mostate of 40 o C. A Polymetron pH meter , type 42 В i s used. Addition 
of alkali i s continued until a constant alkali consumption is reached 
(owing to hydrolysis of excess FDNB) which takes approximately 1 
hour. The mixture i s t ransferred to a centrifuge tube and extracted 
three t imes with ether to remove excess FDNB. The DNP-protein is p r e 
cipitated by addition of concentrated hydrochloric acid to pH 1. The p r e 
cipitated protein is washed three t i m e s with acetone (the haem of the 
haemoglobin par t of the complex goes into solution) and three t imes 
with ether. The yellow DNP-protein i s dried in a vacuum dess iccator 
over P2O5. 
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Fig. 18 
Apparatus for determination of N-terminal groups by the FDNB method 
(after Keil, ref. 56). 

1.5 mg of DNP protein is placed in flask С (fig.18). Then 40 μ ι of 6 
N HCl is added and side arms A and В are stoppered. The apparaturs 
isplacedin an oven'at a temperature of lOOOC, for 24 hrs. After cool
ing, the apparatus is opened and a small dot of cotton is introduced 
through arm A just above the constriction. The capillary portion of A 
(diameter 1 mm) is filled with Zerolith H, a weakly basic monofunc-
tional (dimethyl amino) resin, with 2% cross-links, in the chloride 
form.The column is packed by slight suction through side arm B. The 
surface of the ion exchange resin is covered with a small dot of cotton. 
The apparatus is placed in position II (fig. 18) and the hydrolysate is 
chromatographed by slight suction through arm A. The hydrolysate is 
rinsed in the columns with two 6 0 μ ι portions of distilled water. Free 
amino acids can be collected in an auxiliary capillary. The apparatus 
is placed in position III (fig. 18) and the DNP amino acids adsorbed on 
the ion exchange resin, are eluted by adding to the top of the column 60 
\iL of glacial acetic acid under slight pressure. If any yellow colored 
material is withheld by the column, an additional quantity of glacial 
acetic acid is required. 

The apparatus is placed in position I (fig.18). The dot of cotton at the 
top of the column is removed with a pair of tweezers and by applying 
relatively high pressure through side arm B, the ion exchange column 
is blown out from side arm A. 

The apparatus is closed at A and a vacuum is applied to remove the 
solvent. Finally vacuum is applied at 40oC to remove last traces of di-
nitrophenol. The residue is taken up in 4 0 μ ι of ethanol and applied to 
the paper chromatogram. 

This elegant method avoids the prelimanary separation of water sol
uble and ether soluble DNP amino acids. 

Several systems for two dimensional separation of DNP amino acids 
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were tried. The system of Kent et al (59) (40 ml of n-butanol + 10 ml 
of ethanol+50 ml of water) for the first direction and 1.5 M phosphate 
buffer pH 6.5 (57) for the second direction gives the best result . 

In addition to the spots of e-DNP-Lys, 0-DNP-Tyr and DNP-Arg, 
two spots were observed, which prooved to be DNP-Val and DNP-Leu 
or DNP-Ileu, аь was shown by addition of these DNP ammo acids to 
the mixture obtained from the DNP-protein. 

The Rf values a r e given below: 

Hb-Hp 2-1 Hb-Hp 2-2 

DNP amino acid (i) Leu Val (I) Leu Val 

F i r s t direction 0.87 0.46 0.88 0.46 
Second direction 0.18 0.27 0.18 0.27 

In the quantitative analysis the following ra t io ' s were found: 

Hb-Hp 2-1 Hb-Hp 2-2 

DNP Val/DNP(I)Leu 3.9 + 0.2 4.0 + 0.2 

(mean of 5 analysis) 
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VIII. "FINGER-PRINTS" OF HAEMOGLOBIN-HAPTOGLOBIN COM
PLEXES 

Considerable p rog res s has been made towards the chemistry of the 
genetically controlled abnormal human haemoglobin, mainly by the ele
gant technique developped by Ingram. 

He digested heat denatured adult human haemoglobin (Hb-A) and heat 
denatured sickle-cel l haemoglobin (Hb-S) under identical conditions with 
trypsin (61) until all lysine and arginine bonds had been clea\ id. The 
mixture of peptides was separated by high voltage paper e lectrophoresis 
in one direction and paper chromatography in the other direction. Pep
tide spots were made visible with ninhydrin. The resulting pattern a 
"finger-print" was character is t ic for a given haemoglobin. The method 
provedtobehighlyreproducible . Trypt icdigestsof Hb-A and Hb-S were 
completely identical with the exception of one peptide. Peptide No.4 of 
Hb-S had a different electrophoretic mobility as peptide No.4 of Hb-A. 
This peptide was isolated and its chemical s t ructure determined (49). 

Indeed a difference in the amino acid sequence was encountered: 
Hb-A: -Val. His. Leu. Thr . P ro . Glu. Glu. Lys-
Hb-S: -Val. His. Leu. Thr . P ro . Val. Glu. Lys . - . As is evident a glu
tamic acid res idue of Hb-A has been replaced by a valine residue in 
Hb-S. It could be made highly probable that this is the only chemical 
difference between these two proteins as the amino acid compositions 
of the other peptide spots were qualitatively the same (61). 

This has been confirmed by others (62) and a limited number of other 
abnormal human haemoglobins have been analysed by this method (com
pare ref. 63). 

We applied this method for the Hp-Hb complexes in the hope of finding 
certain chemical differences between different haptoglobins. Allthough 
it is not known whether this differences (if any) might be allocated in 
the protein or in the carbohydrate moiety of these glycoproteins. 

P r e p a r a t i o n of t r y p s i n ( o r c h y m o t r yp s i n ) d i g e s t s of 
H b - H p c o m p l e x : 

5 ml of complex solution (approximately 50 mg of complex) was ad
justed to pH 8.0 with dilute NaOH and heated in a test tube in a water 
bath of 950C for half an hour. After cooling to 40oC, 1 mg of trypsin 
(Nutritional Biochem.Corp., salt free crystal l ine trypsin) was added 
and the reaction, which was carr ied out in a thermostate at 40oC, was 
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followed by addition of 0.5 N NaOH with an Agla micrometer syringe, 
until there was no additional alkali consumption, which took approxi
mately two hours. After digestion the pH of the mixture was adjusted 
to 6.5 by addition of 1 N HCl. The precipitate was removed by centri-
fugation. The supernatant was then evaporated to dryness in a flash 
evaporator and dissolved in 0.5 ml of distilled water. The mixture was 
stored in the frozen state. 

Electrophoresis and chromatography: 

The electrophoresis was carried out on Whatman paper No.3 MM in 
pyridine-glacial acetic acid-water (10:0.4:90 v/v) buffer at pH 6.4. 

40 ц Lof the peptide mixture was applied to the paper, which was si
tuated between two glass plates to avoid evaporation. A potential of 20 
V/cm was applied for three hours. The papers were dried by a stream 
of warm air for three hour s and wer e kept for two hours in the air space 
aboven-butanol-glacialacetic acid-water (3:1:1 v/v). Ascending chro
matography was performed overnight. The papers are dried for 15 min. 
at 80oC. The peptide spots are made visible by dipping the papers into 
0.2% ninhydrin solution in acetone and developed for 5 min. at 100° C. 

Trypsin digests of Hb-Hp 2-2 and Hb-Hp 2-1 gave all spots describ
ed by Ingram (61), attributable to haemoglobin. In addition to these 26 
spots, ten other spots could be detected. This is however not consistent 
with the amino acid analysis of the complexes. It seems that the hae
moglobin part of the complex is fully attacked by trypsin, the hapto
globin part however only partially. 

The same results were obtained with chymotrypsin digests of the 
complexes. In addition to the 25 spots described by Ingram (64), 13 
other spots could be seen. This is also in disagreement with the amino 
acid analysis. It can be calculated from these analysis that haptoglo
bin - assuming a molecular weight of 85.000 - does contain approxi
mately 65 lysine residues, 14 arginine residues, 33 tyrosine residues 
and 19 phenylalanine residues. Thus, the number of additional spots 
which we found is far too low. 

Perhaps the carbohydrate moiety of the haemoglobin-haptoglobin 
complex gives a hindrance for tryptic or chrymotryptic attack. We 
therefore thought removal of the carbohydrates by enzymic methods, 
followed by trypsin or chrymotrypsin digests, would give better re
sults, 
a: L y s o z y m e : The haemoglobin-haptoglobin complex is incubated 

withlysozyme(NutrionalBiochern.Corp.)for4 hrs at 370C in 0.05 M 
phosphate buffer of pH 6.5. The mixture is boiled for 5 min. to dena
ture the proteins and centrifuged. The supernatant is evaporated in 
vacuo in a flash evaporator, dissolved in a small volume of water and 
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applied to a chromatogram for descending chromatography in the sys
tem ethyl-acetate-pyridine-water (3.6 : 1 : 1.15 V/V) (67). Chromato
graphy is performed overnight. Then the paper is dried at lOQOC and 
sprayed with a 2.5% solution of acid aniline phtalate in water saturat
ed n-butanol. Color development takes place by heating the paper for 
5 min. at 105oC. With this reagent, which is specific for reducing al-
dopentoses, aldohexoses and aminosugars, no enzymic rupture could 
be demonstrated. 
b: A s i m i l a r e x p e r i m e n t w a s p e r f o r m e d with the diges

tive enzymes of H e l i x p o m a t i a , known to contain ß-N-acetyl-
D-glucosaminidases (4 hrs at 370C in 0.01 M phosphate buffer of pH 
5.4). Also in this case no splitting of the carbohydrate moiety could be 
demonstrated. 
c: R e c e p t o r d e s t r o y i n g e n z y m e (R.D.E.): Haemoglobin-hapto-

globin complex is incubated with R.D.E. (Behring Werke, Lot nr.25) 
for 4 hrs at 370C in 0.01 M phosphate buffer of pH 6.2 (68). The mix
ture is boiled for 5 min. to denature the proteins and centrifuged. The 
supernatant is evaporated in vacuo in a flash evaporator, dissolved in 
a small volume of water and applied to a chromatogram for ascending 
chromatography in the system n-butanol-acetic acid-water ( 4 : 1 : 5 
v/v) (69). The chromatograms are developed by spraying with a solu
tion of 1 g of resorcinol and 20 g of trichloroacetic acid in 20 ml etha-
nol-water (1 : 1 v/v), 60 ml n-butanol and 0.2 ml 0.1 M CUSO4 and 
heating for 10-15 min. at 1150C. No free sialic acids could be demon
strated. 

In repeating this experiment it was found that the supernatant, ob
tained after centrifugation of the heat denatured mixture, showed a ne
gative "direct Ehrlich" reaction. 

It seems the R.D.E. does not attack the haemoglobin-haptoglobin 
complex. 
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IX. SUMMARY 

After an introduction (chapter I) a review of the current methods of 
haptoglobin determination is given (chapter II). A new method of de
termination is introduced, which gives more accurate results. The 
method is based on the paper electrophoretic separation of haemoglo
bin and haemoglobin-haptoglobin complex, followed by elution and 
spectrophotometric assay of the latter. 

In chapter HI the genetics of haptoglobins are discussed. No varia
tions in serum haptoglobins of Dutch sheep could be demonstrated. The 
frequency distribution of haptoglobin types in Dutch people resembles 
that of other equivalent groups. 

Chapter IV gives a review of the chemistry of haptoglobins from 
which a scheme for further work resulted. 

The isolation procedure of haemoglobin-haptoglobin complex has 
been Improved by a final treatment with an ion exchanger (chapter V). 

The amino acid analysis of the haemoglobin-haptoglobin complexes, 
according to the procedure of Stein and Moore, are given in chapter VI. 
No significant differences in amino acid composition could be demon
strated. 

The N-terminal residues of haemoglobin-haptoglobin complexes have 
been determined by Sanger's FDNB method. Per four moles of DNP-
Val (of Hb) one mole of DNP-Ileu or DNP-Leu was found to be present 
(chapter VII). 

Application of the "finger-print-technique" to the different comple
xes, was not successfull. The complexes proved to be resistant to pro
teolytic attack (chapter VIII). 
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S T E L L I N G E N 

1. Wanneer de physiologische betekenis van het haptoglobine gezocht 
moet worden in het verhinderen van de haemoglobine uitscheiding, 
is het bestaan van Hp 0-0 twijfelachtig. 

2. De door Castañeda-Agulló en Del Castillo beschreven experimen
ten over de werking van a-chymotrypsine op mengsels van eiwitten 
en e s t e r s , geven geen aanleiding te veronderstellen, dat geen speci
fieke Michaelis-Menten complexen gevormd worden. 
M.Castaneda-Agulló, L.M.Dei Castillo: J.Gen.Physiol.: 42,49(1958). 

3. De experimenten van Boyles, waarin, bij afwezigheid van plaatjes 
of phospholipide, een versnellende invloed van polystyreen latex deel
tjes van bepaalde diameter op de thromboplastine vorming gevonden 
werd, kunnen verklaard worden door een activering van de Hageman 
factor aan te nemen. 
P.W.Boyles: Blood: 14, 1063 (1959). 

4. Vele van de argumenten, die Colvin, Smith en Cook aanvoeren voor 
het bestaan van microheterogeniteit in een eiwitpraeparaat, zijn 
twijfelachtig. 
J.R.Calvin, D.B.Smith, W.H.Cook: Chem.Rev.: 54, 687 (1954). 

5. De argumenten, die Viswanatha en medewerkers aanvoeren, dat de 
res terende activiteit van met N-broom succinimide geoxydeerd 
trypsineniet veroorzaakt wordt door niet-geoxydeerd trypsine, zijn 
aan bedenkingen onderhevig. 
T.Viswanatha, W.B.Lawson, B.Witkop: Biochim.Biophys.Acta: 40, 
216 (1960). 

6. De suggestie van Charlwood en medewerkers over de dissociatie van 
menselijk haemoglobine bij hoge pH is niet in overeenstemming met 
de proeven van Vinograd c . s . 
P.A.Charlwood, W.B.Gratzer, G.H.Beaven: Biochim.Biophys.Acta: 
4Û, 191 (1960). 
R.T.Jones, W.A.Schroeder, J.E.Balay, J.R.Vinograd: J.Am.Chem. 
S o c : 81, 3161 (1959). 

7. Inductoren voorde differentiatie van embryonale weefsels zijn RNA 
inductoren. 

8. Uit de verandering van Km m e t de pH kan men niets concluderen 
over de verhouding van de grootte van k2 en к з . 
D.T.Elmore, N.J.Baines; Biochem.J.: 76, 25? (1960). 

9. Biochemie dient in het studieprogramma voor het doctoraalexamen 
in de medicijnen te worden opgenomen. 




