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proton introduces a repulsion. It is not clear from these ex-
periments whether the second subunit undergoes a similar
process after dissociation, but such a step could contribute to
the irreversibility of dissociation.

Earlier results (Boeker and Snell, 1968) showed that the
arginine decarboxylase dimer is at least much less active than
the decamer and is probably inactive. In addition, the dimer
of lysine decarboxylase, an enzyme with a very similar qua-
ternary structure, is either inactive or absent under assay
conditions (Sabo et al., 1974). Since arginine decarboxylase
is produced by E. coli at acid pH (Melnykovich and Snell,
1958; Blethen et al., 1968), Gale (1946) has proposed that it
serves to control the intracellular pH while Guirard and Snell
(1964) have proposed that it controls the intracellular con-
centration of CO,. Since either control would become less
necessary as the pH increases, both suggestions are consistent
with results presented here showing that the rate of dissociation
to the apparently inactive dimer increases with pH. Since this
dissociation can occur within a few minutes at pH values near
neutrality, it may very well represent a physiological control
mechanism for arginine decarboxylase activity.
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Mechanisms and Rate Equations for Dissociating Systems’

Elizabeth A. Boeker?

ABSTRACT: The results presented in the previous paper
(Boeker, E. A. (1978), Biochemistry 17 (preceding paper in
this issue)) indicate that the dissociation of the decamer of
arginine decarboxylase of Escherichia coli B is enhanced by
Na* and retarded by H*. In this system, substances which
increase the rate of dissociation can be treated kinetically either
as substrates or activators, and substances which retard dis-
sociation can be treated as products or inhibitors. In addition,
the events needed for dissociation can occur in an ordered or
a random sequence, and the dissociation itself, from a decamer

In the preceding paper (Boeker, 1978), the rate of dissociation
of the inducible arginine decarboxylase of Escherichia coli B
(Blethen et al., 1968; Boeker and Snell, 1968; Boeker et al.,
1969, 1971; Boeker, 1977) was measured by allowing a sulf-
hydryl group, available on the dimer but not the decamer, to
react with 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB).! The
results indicate that dissociation is enhanced by Na* and re-
tarded by H* and can be used to deduce a dissociation mech-
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! The abbreviations used are: DTNB, S,5’-dithiobis(2-nitrobenzoic
acid); TNB, thionitrobenzoate; E ¢, arginine decarboxylase decamer
(closed form); Ey, arginine decarboxylase decamer (open form); Es, Es,
54, and E,, arginine decarboxylase octamer, hexamer, tetramer, and

imer.
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to five dimers, can be a sequential or a concerted process. In
order to provide a framework for the experimental results,
mechanisms for the dissociation of arginine decarboxylase that
take all of these factors into account are described. In addition,
it is shown that the usual methods of steady-state kinetics can
be applied to these systems when true initial rates are mea-
sured; rate equations are presented for each mechanism. The
results can be used for any dissociating system of three or more
subunits and will describe the dissociation of a dimer under
certain conditions.

anism for this enzyme. In order to verify this mechanism, it is
necessary to derive rate equations for each of the theoretically
possible mechanisms and to correlate them with the observed
rate law. Although this type of analysis is sufficiently com-
monplace for enzyme reactions that mechanisms and rate
equations have been extensively discussed (Cleland, 1963;
Segel, 1975), similar discussions are not available for the dis-
sociation of an enzyme into its subunits.

Two major differences between enzymic catalysis and dis-
sociation must be considered. In dissociation, the final enzyme
species is not identical with the original species; i.e., the enzyme
does not behave like a catalyst. It is therefore not apparent that
the ordinary methods of steady-state kinetics can be used to
obtain equations for the rate of dissociation under various
conditions. In addition, there is no way of knowing a priori
whether a substance which promotes dissociation is doing so
directly, as a substrate would in an enzyme catalyzed reaction,
or indirectly, as an activator would; a substance which retards

© 1978 American Chemical Society
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FIGURE I: Mechanisms in which Na* behaves as a substrate and H* as a product. The diagrams apply specifically to the first step of a sequential process;
they will apply to concerted processes if dimers replace the open form of the decamer. E ¢’ represents the closed decamer; E ;g the open decamer; D.
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FIGURE 2: Mechanisms in which Na* behaves as a substrate and H* as an inhibitor. See the legend to Figure 1 for explanations.
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FIGURE 3: Mechanisms in which Na* behaves as an activator and H* as a product (A-1 to A-23) or an inhibitor (Al-1 and Al-2). See the legend to

Figure 1 for explanations.

dissociation can also be acting either as a product or an in-
hibitor. The mechanisms considered must include both possi-
bilities.

The experimental results (Boeker, 1978) show that the
overall dissociation of arginine decarboxylase requires some
combination of three events: Na* binding, H* ionization, and
dissociation itself. The reaction of the newly formed disscciated
species with DTNB must also be taken into account. In this
paper, the possible combinations of these events that could lead
to the experimental observations are set forth, and rate equa-
tions that can be tested against the observations are derived.
It is assumed in all cases that the system behaves as if reaction
with DTNB is the last step in the dissociation process. Al-
though the dissociation of arginine decarboxylase is discussed
specifically, the results are general and can be applied to most
dissociating systems in the presence of an activator and /or an
inhibitor.

Kinetic Considerations

A decamer can dissociate in one of two ways. In a concerted
mechanism, the bonds between the dimers break simulta-
neously, while in a sequential mechanism, dissociation proceeds
through a series of intermediate steps. The presence or absence
of finite concentrations of intermediate species such as oc-
tamers, hexamers, etc., is the principal distinction between the
two cases. Whether or not these intermediates are detectable
of course depends on the technique for measuring dissocia-
tion.

Sequential Mechanisms. The sequential separation of a

decamer into dimers can be thought of as requiring five steps.
The first of these does not even produce a molecular weight
change; the closed decamer is simply converted to an open
form. The second step in such a process is indeterminate; either
a dimer and an octamer or a hexamer and a tetramer could be
produced. The experimental results (Boeker, 1978) show that,
if the mechanism is sequential, each step must involve the
binding of one Na* ion, the ionization of one proton, disso-
ciation itself, and, for measurement purposes, reaction with
DTNB. If, for example, Na* binding occurs first, H* ioniza-
tion second, and dissociation third, the first step of the process
can be written

k
E10’H10+ Na+:‘lE10’H10Na (1)
k2
k
Ej’H;oNa ==E,'HsNa + H* )
k4
ks
E]ongNa ‘——‘——ElngNa (3)
ke

where E o represents the closed decamer and E ;¢ the open
decamer. In this step only, the reassociation reaction (k¢) is
first order with respect to enzyme concentration;<it will be
second order in all of the other dissociation steps. In the pres-
ence of DTNB, the two newly available sulfhydryls (Boeker
et al., 1969) on the dissociated species EjoHgNa can now react
with DTNB. Thus, for one of them

k
E;oHgsNa + DTNB — EioHoNa-TNB + TNB (4)
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TABLE I: Rate Equations Lacking a Term in [H]/K.@

Mechanism Rate equation
N-1,N-2, N-4, A1, A-2. A-4, R-3b Rm/<l Ko | Kn | KolH] KVKD[H])
[D] [N] [D]Kn [N][D]KHn
Kp | Kn | Kp'Kn | Kx[H] | Kp’KnN[H]
H-1, H-3, Ho4, 1-2, I-11 R /(1+22 4 AN
/< +[D]+[N] [D][N]+[N]KH [D][N]KH>
Kp | Kx | KpKn[H]
T Re/ (1 +20 4 Bx | KoKwiH]
/< [D] IN] [D]{N]KH>
Kp | KN | Kp’Kn | Kn[H]
T2 Ro/(1+22 4 AN
/( B N DN IR
Kp , Kn | Kp'’Kn | Kp[H]
13, 1-13, 1A-1 i Ko  Kn
Ra/ (1 07 N N DI
Kp | Kn | Kp'Kn | KN'[H] | Kp[H] | Kp’KN'[H]
-6 Ro/(1+22 4 AN
/< [D] " [N] [D][N] [N]Ky [D]KH+ [D][N]KH>
1 Kn | KpKn | Kn[H] | KpKn[H]
121, R-2 R/ (— + AN
/<[D1 NI TOINT TN 1Hn TN
1 K~ KpK~N [H]
122 R, /(= + K~
/(i N o)
[H] 1 KN, KpKn
123 [HIy/ 1 Kn
2 R’"/(l +KH><[D]+[N]+[D][,\I]>
Kp | Kp[H] | KpKN
A-3, A-22 R/ (1+Xp KpKn
/( D1+ D1sen * INT)
A-5, A-6, A-23b Ra/ (1 Ko , Kn | KolH] | Kok KD’KNTH])
[D] [N] [D]Ku [D]IN] [D]}IN}Ky
N KN Kp | Kp[H]
AT R /<1+[N]><1+[D]+[D]KH>
K}\ Kp[H] | Kn[H]
A~ ab AN
21 Ron /<1 + N]+[D]KH+[N]KH>

4 The gompound constants Kp, Kn, K1, Kp’, and K’ are defined in such a way that their number is minimized; Ry, is the maximum attainable
rate of dissociation. An example of the definitions is given in Table II. # In the equations for mechanism R-3 and A-23. Kp’ = Kp and Kn’

= KN.

As this sequence is written, Na* and H* do not behave
symmetrically with respect to the pair of subunits undergoing
dissociation; the Na* ion is bound and the proton is lost by only
one member of the pair. Symmetrical behavior would require
two each. Because the experimental results indicated that only
one H* and one Na* are involved at each step, an asymmetric
species such as EjgH¢Na must be assumed to be reacting with
DTNB. These species could subsequently bind an additional
Na* and lose an additional H* to form intermediates with
equivalent subunits. Taking this possibility into account, there
are now a number of ways to write the second dissociation step;
one possibility is

E,oHgNa, + Nat == E;oHgNaj
E]ngNa3 = E10H7Na3 + H*
E10H7Na3 = EgH¢Na, + EzHNa

In this step, both EgH¢Nas and E;HNa have newly available
sulfhydryls that can react with DTNB.

If each of the dissociation steps is written out as above, ex-
pressions for d[TNB]/dz can be obtained; these expressions
are so complex as to be uninterpretable. This problem can most
easily be avoided by measuring only the first dissociation step;
that is, by measuring initial rates. The entire system then re-
duces to eq ! through 4, which can readily be solved for
d[TNB]/d:.

In this analysis, the initial rate condition is rather different
from, and considerably more stringent than, that for enzyme
reaction kinetics. It is necessary not only that the concentra-
tions of Na*, H*, and DTNB remain essentially unchanged,
but also that no enzyme species beyond the first dissociated
state be present in significant concentrations. In the example
shown, there must not be significant amounts of intermediates
beyond E;oHgNa. This imposes very strict requirements on the
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TABLE II: Rate Equations with a Term in [H]/Ky.?
Mechanism Rate equation
17, 117 Rm/<1+—[—]:1—]>< [Ig)] [%“i] [’;D]g\?])
112 Rm/<l+[DD] [1?: TB]—[;:)
115, 116, A-12, A-165 Rm/<1+[N] [D]+[H]+[D]{l?: [’:][']()D])
B
v B
SRR R/ (1+ 1+ IR o * (BTN} IN1Fe (B NTF)
- R/ (1 337+ R o+ TONT* 3k TR ¥ [oTNIRn)
H R/ (14 55 17 % TN * ik * N+ ITNIe)
v e Bl i 0 S
A 7o/ (R O [Ig)]l[(r:] Toikn * IN1Kn * BTN
e B e S
A-17 /((1+[—1\I—i)<1+ﬁ)—]+% l[<113)][l?H]>

@ The compound constants Kp, KN, Kp’, and KN/ are defined in such a way that their number is minimized; R, is the maximum attainable
rate of dissociation. In mechanism N-3, used as an example in Methods, Kp = k3(ks + k7)/ko(ks + ks), Kn = ks(ka+ ka)/ki(ks + ks), Kn

= (k3 + k5)/k4, KD’ = k6/k7, KN/ = kﬂkl, and Rm

= kiks/(k3 + ks). ¥ In mechanisms I-15 and I-16, Kp’ =

Kp.

experimental measurements. When these requirements are met
and there are no intermediates present beyond the first disso-
ciated state, the system behaves as if the last step in the se-
quence were producing the original enzyme species, just as it
would in ordinary enzyme catalysis. Rate equations for each
mechanism can therefore be derived by the ordinary methods
of steady-state kinetics, including the method of King and
Altman (1956). The equations shown in this paper have been
obtained in this way.

Concerted Mechanisms. Rate equations for concerted
mechanisms can be obtained in the same way as those for se-
quential mechanisms if it is assumed that reassociation, which
depends on the fifth power of the dimer concentration, does not
occur. The sequential mechanism shown above becomes a
concerted mechanism if eq 3 is written:

Ejo’HsNa — 4E,H; + E;HNa

In this example, four of the dissociation events differ from the
fifth. This is unlike the sequential mechanisms, where the

dissociation process is the same for each pair of subunits
undergoing dissociation, but the events which occur on each
member of the pair are different. Mechanisms in which there
are two types of dissociation are extremely unlikely. In the
example above, the dissociation processes are identical only
if 5 (or 10) Na* ions and protons are involved in the initial
steps. For example

Ejo’Ho + 5Na* = E,;o’H;oNas
EioHioNas=E,¢’HsNas + SHt
E,o’HsNas — 5E,HNa

Mechanisms such as this produce fifth (or tenth) order de-
pendences on Nat and H*, a result which is eliminated ex-
perimentally.

Concerted mechanisms can give first-order dependences on
Nat and H*, and still have five identical dissociation steps,
only if dissociation occurs before Na* binding and H* jon-
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TABLE 111: Rate Equations for Mechanisms with [rreversible Steps. @

Mechanism

Rate equation

A-11,k2=0

A-14, A-15, A-17.P k=

R-l,kz,kg =0
R-l,k10=0
N-3,k2 =0

H-2, k4= 0; ]-],kg = ()

1-5, kz =0

[-561-14,6 ky=0

A-15,A-175 ks =0

N-3,H-2,1-4, k¢ = 0; I-1, A-11, A-14,b k4 = 0

Rm/<1+[—’f)B]+[ﬁNf‘T)

Kn n KDKN’)

(N]  [DI[N]

X

3
~
-
glz

Ko, [H]  Kp'[H]
Rm/]+ + +[D]KH>

Ky L) i)

(

< [Nl " Ku  [NlKn
Rm/<1+%+ﬁ+%+%i[]£>
Ro/ ( BIINT o * TorTn)
o/ (BTN T * TN ¥ D)
o/ (BTN Ko * INTRD Bk
o/ O 01 R o * Tk ¥ TBIND)
Rm/<1+%+%+%+f§§{:>

@ An example of the definition of the constants Kp, KN, Ky, Kp’, and Kx' is given in Table I1. # In Mechanisms A-14. A-17, and I-14, Kn'

= Kn.andin I-5, Kp’ = Kp.

ization. An example of this type of mechanism is
Eio'Hio — SE;H;
E>H; + Na*t = E;H,Na
E;H;Na = E;HNa + H*
E;:HNa + DTNB — E;HNa.TNB + TNB

In all of the mechanisms where the dependences on Na* and
H* can be first order, the irreversible dissociation step occurs
first; kinetically, this means that the rate equations obtained
are identical with those for the corresponding sequential cases.
The two cases are therefore not treated separately in this

paper.

Mechanisms and Rate Equations

There are four factors which must be taken into account in
defining the possible ways in which arginine decarboxylase
dissociation can occur: It can be sequential or concerted, the
reactions with Na*, H*, and DTNB can be ordered or random,
the Na* ion can be treated kinetically as a substrate or as an
activator, and the proton as a product or an inhibitor. The
possible combinations of Na* binding, H* ionization, and
dissociation are shown in Figures 1-3. In each case, the dis-
sociation process is shown only as far as the first reaction with
DTNB; i.e., the only steps shown are those which are kineti-
cally visible when initial rates are measured.

If the dissociation process is ordered and if Na* behaves as
a substrate and the proton as a product, there are six possible
combinations of binding, ionization and dissociation. These
are mechanisms N-1 to N-3 and H-1 to H-3 in Figure 1.
Kinetically, there are four additional cases in which one of the
intermediate enzyme species is invisible under experimental
conditions. These are equivalent to Theorell-Chance mecha-
nisms and are N-4, H-4, T-1, and T-2 in Figure 1. Although
Theorell-Chance mechanisms are really only simplifications
of other cases, they are considered separately here because the
empirical rate law apparently represents such a simplification
(Boeker, 1978).

If the dissociation process is ordered and if Na* behaves as
a substrate, but the proton is assumed to be a dead end inhibitor
rather than a product, there are two possible orders of binding
and ionization, each with seven ways in which the proton can
form complexes. These are mechanisms I-1 to [-7 and I-11 to
I-17 in Figure 2. There are also three Theorell-Chance
mechanisms, 1-21 to [-23.

Possible sequences for ordered dissociation with Na* be-
having as an activator and H* as a product are shown in Figure
3. In these mechanisms, enzyme species which lack a Na* ion
act as dead end complexes. There are two possible orders,
shown in A-1 to A-7 and A-11 to A-17, and three Theorell-
Chance mechanisms, A-21 to A-23. There are also two
mechanisms in which Na* behaves as an activator and Ht as
an inhibitor; these are Al-1 and AI-2 in Figure 3.
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The experimental observations impose several constraints
on the possible types of mechanisms in which Na* binding, H¥
ionization, and dissociation can occur in random order. Only
rapid equilibrium random mechanisms will give kinetics which
are first order with respect to Na*, H*, and DTNB. The
mechanisms must also contain at least one slow, nonequilib-
rium step; if all of the steps were in rapid equilibrium, the dimer
and the decamer would not be separable in the ultracentrifuge
(Boeker and Snell, 1968). In an ordinary enzymatic reaction,
the nonequilibrium step could occur anywhere in the sequence;
i.e., either before or after the two random steps. However, in
this system, it can only be last. As discussed above, the enzyme
species formed after the addition of DTNB is not the same as
the first enzyme species in these mechanisms. This means that
an initial slow step will not produce a steady state involving the
first and last reactions, but will simply produce a preliminary
slow equilibrium. Kinetically, such mechanisms do not result
in the observed saturation by DTNB and have therefore been
eliminated. The remaining rapid equilibrium random cases,
in which the random steps are followed by a slow step, are
mechanism R-1 to R-3 in Figure 1.

In each of the mechanisms just described, dissociation can
be either sequential or concerted. However, as discussed above,
concerted mechanisms will give kinetics that are fifth order or
higher in all cases except those where both Na* binding and
H* ionization occur after dissociation. The only possible
concerted mechanisms, then, are N-1, N-4, T-1, H-1, H-4, 1-2,
1-3, 1-6, A-2, A-3, and A-6.

The rate equations for the mechanisms in Figures 1-3 are
shown in Tables I and II. Many of these equations lack a de-
nominator term in [H*] alone, depending on it only in com-
bination with other variables. Since these mechanisms are
readily eliminated experimentally, they have been grouped
together in Table I. The first five equations in Table II can also
be eliminated experimentally, one because a term in 1 +
[H*]/Ky factors in the denominator, and the others because
they lack a term in [H*]/[Na*¥].

The last eight equations in Table II have all of the experi-
mentally required terms, but they also contain a denominator
term in [H*]/[DTNB] which the results (Boeker, 1978) show
must be negligible. Since this appears to be a fundamental
property of the dissociation mechanism, rather than a result
of the concentrations chosen, the actual mechanism must have
a simplifying property such as an irreversible step. The rate
equations obtained when each of the possible mechanisms is
assumed to have one irreversible step are shown in Table II1.
Most of these equations lack one or more of the experimentally
required terms. However, two of them, the last two in Table
I11, fulfill all of the experimental requirements, containing
denominator terms in [H*], 1/[Na*], 1/[DTNB], and
[H*]/[Na*], and lacking a term in [H*]/[DTNB]. Alto-
gether, these equations represent eight possible mechanisms.
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However, five of them (N-3, A-11, A-14, A-15, and A-17)
represent the same sequence of events, differing only in the
number of complexes which Jack Na* (see Figures 1 and 3).
In addition, mechanisms H-2 and 1-4 differ only in their kinetic
details, not in the actual events (see Figures 1 and 2). The rate
equations which are experimentally possible, then, represent
only three underlying sequences through which dissociation
can occur.

Mechanisms and rate equations have been presented here
in very specific terms: dissociation of the arginine decarbox-
ylase decamer in the presence of an activator and an inhibitor.
These results can easily be generalized to other dissociating
systems. The method for obtaining rate equations is indepen-
dent of the type of dissociation; it requires only that true initial
rates be measured. The equations themselves can be applied
directly to systems which lack an inhibitor or an activator
simply by setting the appropriate concentrations equal to zero.
Mechanisms where both of the dissociating subunits interact
with the activator or inhibitor will simply depend on the square
of the appropriate concentration.

The mechanisms and equations discussed here are appli-
cable, without modification, to dissociation in any system
containing three or more subunits; e.g., conversion of a closed
trimer to an open form, etc. Dissociation of a dimer to mono-
mers is more complex, however, since the reassociation reaction
is second order with respect to the enzyme concentration. If,
as a first approximation, the dissociation reaction is assumed
to be irreversible, these systems are then equivalent to the
concerted cases discussed here. Rate equations for a number
of these cases have been presented; the remainder can easily
be obtained.

References

Blethen, S. L., Boeker, E. A., and Snell, E. E. (1968), J. Biol.
Chem. 243, 1671.

Boeker, E. A. (1977), Biochem. Biophys. Res. Commun. 75,
179.
Boeker, E. A. (1978), Biochemistry 17 (preceding paper in this
issue). ’
Boeker, E. A., and Snell, E. E. (1968), J. Biol. Chem. 243,
1678.

Boeker, E. A., Fischer, E. H., and Snell, E. E. (1969), J. Biol.
Chem. 244, 5239.

Boeker, E. A., Fischer, E. H., and Snell, E. E. (1971), J. Biol.
Chem. 246, 6776.

Cleland, W. W. (1963), Biochim. Biophys. Acta 67, 104,173,
188.

King, E. L., and Altman, C. (1956), J. Phys. Chem. 60,
1375.

Segel, 1. H. (1975), Enzyme Kinetics, New York, N.Y.,
Wiley.



