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Some Mechanisms for the Interpretation of the Effects of pH and Buffer Salts on a
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Equations for the initial reaction rate for enzyme mechanisms involving interaction between the enzyme and hydrogen ions
and buffer ious have been obtained by the steady state method. Provision is made for the ionization of two acid groups in
tlie enzyme which affect the catalytic activity. The variation of maximum initial velocities, Michaelis constants and con-
petitive inhibition constants with pH and buffer concentrations are discussed. These rate equatious are i agreement with
the experimental results for the fumarase reactionn. The inclusion of buffer and hydrogen ion equilibria i11 mechanisms leads
to an altered interpretation of kinetic and inhibition constants and emphasizes the effects of bound buffer and inhibitor upon
the ionization of groups affecting the catalytic activity. For example, the values of competitive inhibition constants for a
series of compounds at a certain pH may not be in the order of the equilibrium constants for the combination of the inhibi-

tors with a given ionized form of the enzyme.

the case of these more complicated mechanisms.

The mechanisms to be described have been de-
vised as an aid to the interpretation of over-all
kinetic and inhibition data for fumarase. How-
ever, the equations and method of approach should
have considerably wider applicability than to this
one enzyme. Although the initial velocities of the
forward and reverse reactions catalyzed by fum-
arase follow the equation of Michaelis and Menten!
at sufficiently low substrate concentrations, the
Michaelis constants and maximum initial velocities
vary considerably with the nature, concentration
and pH of the buffer.> Mechanisms involving
buffer-enzyvme interactions which lead to a de-
pendence of Michaelis constants, maximum initial
velocities and inhibition constants on buffer con-
centration have been discussed by Alberty and
Bock,? and it is the purpose of this article to extend
this treatment to include the effect of hydrogen
ions. The effect of hydrogen ions on the rate of an
enzymatic reaction was interpreted by Michaelis
and co-workers*? as being due to the ionization of
groups in the enzyme molecule. This hypothesis
has been utilized by a number of investigators®—12
who have interpreted their kinetic data in terms of
ionization of the enzyme or enzyme-substrate
complexes. The effects of various ions on the
ionization constants of essential groups in fumarase
have been discussed qualitatively by Massey.!*
Recently, Waley!® has derived a rate equation
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However, such equilibrium constants and the shifts of ionization constants for
the enzyme may be obtained from an investigation of the effect of #H upon inhibition.

The Haldane relation also applies in

allowing for two ionizable groups on the enzyme
and on the enzyme-substrate complex, Dixon!®
has discussed the determination of an indefinite
number of jonization constants of enzyme and
enzyme-substrate or enzyme-inhibitor complexes
from the pH variation of the Michaelis constant or
inhibition constant, and Botts and Morales!” have
discussed the effect of one equilibrium with a rate
modifying substance which may be either a hydrogen
ion or another component of buffer.

In order to simplify the present treatment,
ionization of substrate or inhibitor will not be
introduced although this could be readily in-
cluded.®151%  Only the effects of various equilibria
will be considered, and ionic strength effects such
as those discussed by Kistiakowsky and Shaw!®
are perforce omitted, although they will be super-
imposed upon the effects of equilibria.

pH Effects in the Absence of Buffer Effects

As pointed out by Michaelis aud co-workers*s
it is necessary to postulate two types of ionizable
groups affecting the enzymatic activity in order to
account for a reversible loss in activity in both
acidic and basic solutions. The simplest way in
which this can be formulated while retaining a
mechanism involving an enzyme-substrate complex
is

Kok Kyr
Er-1 '___) E» '9_ E» 1 (]’)

PP
o
K.rs
E"S

o

En+ P

where # is the net number of negative charges on
groups in the neighborhood of the active site.
The charge on the active form of the enzyme is
represented by the non-committal ». The two
groups which affect the catalytic activity will be
referred to as a and b since they are responsible for
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the acidic and basic regions of the pH-maximum
initial velocity curve, and K, and K}, are acid dis-
sociation constants. The fact that the equilibria
E»—1S + S 2 E»~1S and E»*! 4+ § &= E#+1S are
not indicated is not because they are assumed to
be lacking but because they are not independent of
the other reactions.

The equation for the initial rate of a reaction
following a mechanism such as I may be derived
assuming either that the equilibria are adjusted
rapidly! in comparison with the rate of breakdown
of E*3 or that the various complexes are in a steady
state?® (that is, d(E”S)/dt = 0, d(E*~1)/d¢ = 0,
etc.). In the case of mechanisms discussed in this
article the same rate equations are obtained by
both methods. The difference is that the steady
state derivations show that the Michaelis constants
for complexes which break down to yield product
are not equilibrium constants but of the type shown
by Briggs and Haldane.? In order to simplify
the nomenclature for the discussion of mechanisms
in this paper each reversible step is represented by
a capital K which is an equilibrium constant if the
complex indicated in the subscript does not dissoci-
ate to form product but is of the Briggs—Haldane
type when the complex does yield product. Lower
case k’'s are used to designate the pH-independent
first-order rate constants for the formation of
product.

The steady state treatment of mechanism I has
previously been given by Waley, ¥ who assumed that
the hydrogen ion equilibria are adjusted rapidly.
For the case that (S) > (E)y, where (E), is the total
molar concentration of enzymatic sites, the initial
reaction velocitity (v) is given by the usual
Michaelis! equation.
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where
- Ey(E)o
V= 1 + (H+)/Kqes + Kpes/(HY) 2
Ku = Krg 1+ (H*)/K.e + Kpe/(HY) 3)

14+ (H*)/Kags + Koes/(HT)

Expression of the result of the steady state treat-
ment in the form of equation 1 has the advantage
that 7 and Ky, are the constants which are usually
obtained from experimental data as by use of a
Lineweaver-Burk?! plot. Equation 3 is equivalent
to that derived by Dixon'® who has discussed rules
for the determination of the various ionization
constants. According to equation 2 a plot of V vs.
pH should have a symmetrical bell shape deter-
mined by the ionization constants for the enzyme-
substrate complex. A method for the calculation
of these constants from the shape of the plot has
been developed and used by Alberty and Massey.2%23
If the four pX values which determine the pH
variation of K, are rather closely spaced it may be
extremely difficult to separate them by use of
equation 3, but pK.g and pKusr may be obtained
from a plot of V/Ky, (the reciprocal of the slope of a
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Lineweaver-Burk plot) vs. pH by the same method
used in the case of 17,22 For a reversible enzymatic

v _ ki(E)/Kes
Ku 1+ (HY)/Kese + Kue/(HY)

reaction it is to be expected that the same values
for K,g and Kyg will be obtained for the forward
and reverse reactions while K.gs and Kpgs may be
different for the substrates for the forward and
reverse reactions.

Competitive Inhibition.—If a competitive in-
hibitor is present it is necessary to add the follow-
ing to the preceding mechanism

€))

Er (11)
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Kam Kyl
Er-1l > Enl -———_>_ En+1]

The rate equation obtained by a steady-state
treatment is

14
T 1F K1+ (D/KO/(S)

where Ky, the competitive inhibition constant, is

14+ (H*)/Kua + Koe/(H?)
14+ (H*)/Kam1 + Koer/(HY)

Equation 6 is in agreement with the discussion by
Dixon'¢ of the effect of pH on competitive inhibi-
tion constants. If the various pK values which
determine the pH variation of K; are not well
separated, the calculation of the various pX's
may be facilitated by plotting KiV/Kn vs. pH
since a symmetrical bell-shaped plot depending
upon pK.gr and pKygg should be obtained.

In studying the effect of the structure of in-
hibitors upon their affinity for the enzyme the value
of Kgy for the reaction of inhibitor with a certain
ionic form of the enzyme should be more significant
than the pH-dependent K; value. The relative
values of K1 for a series of compounds at a given
pH may not give a reliable indication of the relative
values of Kg1 because of differences in the shifts of
the ionization constants of groups in the enzyme
produced by the inhibitors. For example, if two
inhibitors with identical values of Kgg are tested at
a pH in the region between pK.g and pKag;, the
inhibitor which produces the greater increase in
PpKagr will be the better inhibitor.

pH Effects in the Presence of Buffer Effects

Mechanism I does not provide for the effect of
buffer upon the kinetic constants. In the case of
fumarase the Michaelis constants, maximum initial
velocities and competitive inhibition constants are
very dependent upon the concentration of phos-
phate buffer.? The increase in V with phosphate
concentration indicates an activation resulting from
combination of phospbate ions at non-enzymatic
sites, and the fact that K, and K; continue to
increase with buffer concentration even after V
has become constant indicates an inhibition result-
ing from combination with the enzymatic site.
The activating effect of a component of the huffer
(B) may be represented as

(5)

v

Ky = Kg) (6)
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The combination of B with a neighboring site at
which it affects the kinetic constants is represented
by writing B to the left of E. If, in addition, B

competes with S for the enzymatically-active site,
the following steps must be added.

KbBE

BE»+1

BE""!S BE"*1S

Er (V)

KEB\LT
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BE" (V)

KBEBlT
K.pep Kbpen
BE""1B BE"B BE»+1B
The initial velocity for a reaction K. =

following the mechanism given by
I, I1I, IV and V is given by the
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1 + (BX1/Kpe + 1/Kgn) + (B)?/KprKses
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Equation 11 is identical with the empirical equa-
tion found to represent the data for fumarase in
phosphate buffer. It will be noted that Kg may
have different values for the forward and reverse
reactions.

The maximum initial velocity V at a particular
pH will increase with the buffer concentration if
I'g > Vo. For this to be the case it is not necessary
that ks > ky. The effect of the bound buffer ions
on the ionization constants of the two essential
groups in the enzyme may be the determining factor.
In the case of fumarase Massey!* has shown that
the pH of optimal activity is different for various
buffers. Thus increasing the concentration of a
certain buffer may cause 1 to increase at one pH
but decrease at another.

The variation of the Michaelis constant with pH
for the mechanism represented by I, III, IV and
V is given by
14 (HY)/K." + Kp"/(H?)
1+ (H*)/KJS + Ky'/(HY)

where K.’ and Ky’ are given by equations 9 and 10
and

Ko = Ko’ (14)

1 + (B)1/Kge + 1/Kgs) + (B)*/KgrKsnes

’m/ = K.‘
R s 1 + Krs(B)/KpeKprs

(15)

(16)

usual Michaelis equation 1. The X" =

expressions for V and Ky may be
arranged in two ways depending upon whether it is
desired to emphasize their variation with (B) or pH.
If the buffer concentration is held constant and

the pH varied
V/

1 + (B)X1/Kse + 1/Kgs) + (B)*/KprKnes

an

Thus at a given buffer concentration the Michaelis
constant will vary with pH in the same manner as
if there were no buffer effect (¢f. equation 3), but
the various constants in equation 14 are functions
of the buffer concentration. The apparent ioniza-

V=1 T (HY/K. + K (HD (7 tion constants K,"” and Ky” may be obtained from
where experimental data by use of a plot of V/Km.
1 + k2 Kes(B)/k1KpeKnus The variation of the Michaelis constant with buf-
= k(B — T Koo(B)/KonKars = (8) fer concentration at constant pH is given by
/ 1 + Kgs(B)/KpeKprs = 1+ Li(B) + Ly(B)
K = K + Kes(B) KppKnesKorrs ) K = Koo = 1 (B)/Ka (a8
&,/ = Koes + KonesKes(B)/KpeKnps (10) where K, is given by equation 3, Ky by equation
° 1 + Krs(B)/KpeKpes 13 and
Thus the maximum _ (1 4+ (H*)/Kepe + Kepe/(H1))/Kpe + (1 + (H*)/Kugs + Kven/(H'))/Kgs (19)
initial velocity will (1 + (H)/Kwxe + Kor/(HH)
vary with pH in the same manner as for mechanism I, = (1 + (H*)/Kuprs + Kopes/(H*)) (20)

I, but the three parameters V’, K.’ and Ky’ mayv
vary with the buffer concentration. The equilib-
rium constants for steps IV and V do not enter the
expression for V since at infinite substrate concen-
tration B is completely displaced from the en-
zymatic site by substrate.

If terms involving (B) in equation 7 are brought
together, the maximum initial velocity may be
written as

V= VoK + Vs(B)

1y

T Ks + (B)
where Vyis given bv equation 2 and
_ k(B
Ve = 1+ (H*)/K.pes + Kvpes/(HT) (12
X KprKpes(1 + (HY)/Kors + Kvrs/(H')) (13
B = )

Kus(1 + (I /Kaans + Kuses/(HT))

KpesKee(l + (HT)/Kae + Kvr/(HT))

Thus Km may continue to increase with buffer
concentration even after 17 has become comnstant,
and at high buffer concentrations K, is a linear
function of (B).

Competitive Inhibition.—In the case of an in-
hibitor I which combines only at the enzymatically-
active site it is necessary to add the following equi-
libria to those given in I, II, III, IV and V.

BE®

Ko

KapEr Kpper
—> BE"I _E BE»t1]

(VI

BE~1T T

The resulting rate equation is given by 5 with V
given by 7 or 11, and K, given by 14 or 18. The
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variation of K1 with pH is of the same type as for
the simpler mechanism (equation 6) except that
the parameters in the following equation may de-
pend upon the buffer concentration.

1 + (H+)/Ka” + Kb” /(H+) (21)
1+ (H¥)/K." + Kb"'/(H?)

where K.” and Ky," are given by equations 16 and 17»
and

K1 = Ky

. 1 + (BX1/Kse + 1/Kgs) + (B)*/KpeKzrs

R = Ke 1+ Kei(B)/KseKoe:
(22)
B o= 1 + Kri(B)/KseKnE1 (23)
) 1/Ker1 + Kei(B)/KseKsr1KabED
K" = Kver + (B)KriKoeel/KEKHBRI (24

1 + (B)Kg1/KpeKsr1

The variation of the competitive inhibition con-
stant with buffer concentration at constant pH is
given by
1 + Li(B) + Ly(B)*

1+ (B)/K»’

where Ky is given by equation 6, L, by equation
19, Ly by equation 20 and

Kol = KpeKeel(l + (H*)/K.g1 + Kom1/(HY))
B Kri(1 + (H*)/Kupgi + Kopri/(HT))

It may be noted that K is the same as Kg’ given
by equation 13 except that I is substituted for S.

In the case of poor inhibitors which are of neces-
sity tested at a rather high concentration it is to be
expected that the inhibitor may combine with the
enzyme at sites other than the enzymatically-ac-
tive ones. Anmnalysis® of equations for the case that
I combines at a neighboring site at which it is not a
total inhibitor shows that types of inhibition which
do not fit into the ordinary classifications may be
obtained although v~! remains a linear function of

(S)—.

Ky = K (25)

(26)

Discussion

It is interesting that rate expressions derived
from simple mechanisms may be applicable to more
complicated mechanisms. For example, the orig-
inal treatment by Michaelis and Menten! pro-
duced the same type of rate equation as the latter
steady-state treatment of Briggs and Haldane?®
which led to a different interpretation of K. Fur-
thermore, even when buffer® or hydrogen ion!s
equilibria, or both together, are added to the
Michaelis mechanism, the same familiar rate equa-
tion is obtained for a given set of conditions al-
though the interpretation of the maximum initial
velocity, Michaelis constant and inhibition con-
stants are further altered. As a further example,
the relationship between the equilibrium constant
for an over-all reaction of the type F &2 M and the
Michaelis constants and maximum initial velocities
for the forward and reverse reactions originally
derived by Haldane?® for a very simple mechanism
has been found to be obeyed by the fumarase re-
action for which the various kinetic constants de-
pend upon buffer concentration and pH. The
Haldane relation

= (M) _ VeKy
" (F) VuKr

(24) ] B. S. Haldane, "'Enzymes.’* Il.ongmans, Green and Co., Lon-
don, 1930, p. 81,

K

27
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may also be derived from the present mechanisms
involving buffer ions and hydrogen ions. It may
be readily ascertained that the ratio of 1 (equation
7) to Ky (equation 14) is independent of K,’ and
K/, and that K." and K" cancel in taking the ratio
of V/Km for the forward reaction to that for the re-
verse reaction. Similarly, the equations corre-
sponding to equation 27 for more complicated
mechanisms® are also valid even if the various ki-
netic constants are dependent upon pH and buffer
concentration.

Since the reactions of hydrogen ion, buffer and
substrate (or competitive inhibitor) with the en-
zyme are interdependent they are linked functions
according to the terminology of Wyman.?® In gen-
eral the buffer-linked acid groups and substrate-
linked acid groups may be different, but in the
present mechanisms it has been assumed that they
are the same. In the study of linkage through
kinetics measurements it must be remembered that
the apparent equilibrium constants for complexes
which break down to yield product will be of the
type derived by Briggs and Haldane.?

It is worth considering what shifts in the ioniza-
tion constants of groups in the enzyme may result
from the binding of S, B and I. If these substances
are ions their electrostatic effects on the ionization
of the ionizable groups may be predicted. A
bound negative ion will be expected to produce an
acid-weakening effect (Kag > Kags and Kpe >
Kigs). Therefore, in the case of anionic substrates
and inhibitors it would be expected that K, and K;
would increase with increasing pH while the oppo-
site would be expected for cationic substrates and
inhibitors. A quantitative method for calculating
the effect of a charged group on the acidity of a
neighboring group was first developed by Bjer-
rum?¥ and has been extended and improved by
Kirkwood and Westheimer.® The -calculated?
values for the charge separation in dipolar ions and
dibasic acids are in good agreement with the free
rotation values.

The equations in this article have been based
upon the assumption that the values of pK, and
pKy, are constants independent of pH. However,
this can be only approximately true for real pro-
tein molecules since the change of charge of the
whole molecule with pH and salt concentration has
an effect on the ionization of all groups in the mole-
cule. This effect is taken into account in the inter-
pretation of the titration of proteins by assuming
that the charge is uniformly distributed over a
sphere of the proper size.3%3!

Buffers such as phosphate present an additional
complication since the ratio of the concentrations
of monovalent and divalent ions changes with the
pH. Since it is to be expected that these two ions
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will have different effects upon the enzyme, the
mechanism indicated by I, III, IV and V must be
further enlarged. This leads to an expression for 17
which cannot be arranged in the form of 7. Thusa
plot of V vs. pH may be asymmetrical if the pK of
a buffer such as phosphate is in the same region as
the activity curve. However, if the buffer concen-
tration is high and one forn: has a sufficiently great
affinity to displace the other, the '-pH curve may
be symmetrical and the pK values would corre-
spond to the enzyme saturated with the more
strongly bound form of the buffer. Buffers of the
uncharged-acid or uncharged-base types have the
advantage over phosphate that the concentration
of the ionized form of the buffer may be held con-
stant over a wide range of pH.

Since enzymes are proteins it is to be expected,

NOTES
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in general, that their properties will depend on the
concentration and nature of salts in the solution
and upon the pH. Although these effects may be
too complicated to express by such simple mecha-
nisms as those used here, the fact that the present
equations are in good agreement with the results
for fumarase is encouraging.
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A Synthesis of 1-C!4-Labeled Diethyl Ether

By JEROME G. BURTLE AND WILLIAM N. TUREK
RECEIVED DECEMEBER 14, 1953

In the course of other work in this Laboratory,
need arose for a sample of Cl%labeled diethyvl
ether. A search of the literature revealed that, al-
though many preparations of ethyl ether are de-
scribed,! no synthesis of the C!*labeled compound
could be found. Furthermore, no high yield pro-
cedure for small amounts (10-12 g. of product)
which could be used directly for this purpose, came
to light. It became imperative, therefore, for us
to develop a satisfactory process for our own use.

Since it was necessary to label only one ethyl
radical, it was decided to use the Williamson syn-
thesis? as the basic reaction because it offered maxi-
mum economy of radioactive starting material.
The procedure ultimately adopted as satisfactory
for small batches was based on the experiments of
Hunt?® and of Beilstein* on ethyl iodide preparation,
and those of Bishop® on the reaction of ethyl iodide
with sodium ethoxide.®

From 11-12 g. of 959, ethanol-1-C!* (100 micro-
curies) 324 g. (87.6%,) of ethyl-1-C'4-iodide boil-
ing at 70-73° was obtained. Treatment of 26.4 g.
of this material with sodium ethoxide gave 11.5 g.
(929, of 1-Cl4-ethyl ether boiling at 33.5-34°.

(1) T. Saussune, Ann. chim. [1]89, 273 (1814); J. L. Gay-Lussae,
sbid.. 1195, 311 (1815); Dumas and Boullay, ibid.. 2] 86, 204 (1827):
A. W. Williamson, ibid., (3] 40, 98 (1854); Ann. TT, 37 (1851);
ibid., 81, 73 (1852); E. Erlenmeyer. bid.. 162, 380 (1872); A. W.
Titherley, J. Chem. Soc., 79, 392 (1901).

(2) A. W. Williamson, ibid., 4, 229 (1852).

(3) B. E. Hunt, ibid., 117, 1592 (1620).

(4) R. Rieth and F. Beilstein, Ann., 126, 250 (1863).

(5 W.B.S. Bistop, J. Soc. Chem. Ind.. 48, 23T (1924).

(6) The complete experimental details of this preparation have been
deposited as Document number 4193 with the ADI Auxiliary Publica.
tions Project, Photoduplication Service, Library of Congress, Washing-
ton 25, D. C. A copy may be secured by citing the Document num.
ber and by remitting $1.25 for photoprints, or $1.25 for 356 mm. micro-

film. Advance payment is required. Make checks or money ordera
payable to: Chief. Photodupleation Secrvice, Library of Congraes.
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N-Cycloalkyl- and N,N-Polymethylenesulfamic
Acids

By F. F. Brickg, HEnry E. MILLSON, JR., AND
N. J. DOORENBOS

RECEIVED JANUARY 21, 1954

Since considerable quantities of hexa-, hepta- and
octamethylenimine were available, it seemed desir-
able to prepare a few N,N-polymethylenesulfamic
acids. These compounds are of interest since they
are related to cycloalkylsulfamic acids. The sodium
and calcium salt of N-cyclohexylsulfamic acid (Su-
caryl or Cyclamate sodium or calcium) are impor-
tant sweetening agents.! It is obvious that N,N-
pentamethylenesulfamic acid (I) represents N-cy-
clohexylsulfamic acid (II) in which the nitrogen
atom has been made a part of the ring structure.

ON—SOQ(OH) wa H—SO«(OH)
11

I

The N,N-polymethylenesulfamic acids were ob-
tained by interaction of chlorosulfonic acid with
pyrrolidine, hexamethylen-,®> heptamethylen-* or
octamethylenimine? by the general method used by
Audrieth and Sveda? for the synthesis of N-cyclo-
hexylsulfamic acid.

No sweet taste could be detected when the solid
sodium salts of the N,N-polymethylenesulfamic
acids were tested. Furthermore, no sweet taste

(1) Ind. Eng. News, 48, No. 10, 11 (1953).

(2) L. Ruzicka, M. Kobelt, O. Hifliger and V. Prelog, Hely. Chim.

Acla, 3%, 544 (1949).
(3) L, F, Audrieth and M, Sveda, 7, Org, Chem., 8, 89 (1944).



