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ABSTRACT  The transient and steady-state behavior of a re-
versible covalent modification system is examined. When the mod-
ifying enzymes operate outside the region of first-order kinetics,
small percentage changes in the concentration of the effector con-
trolling either of the modifying enzymes can give much larger per-
centage changes in the amount of modified protein. This ampli-
fication of the response to a stimulus can provide additional
sensitivity in biological control, equivalent to that of allosteric pro-
teins with high Hill coefficients.

Biological systems must respond to internal and external vari-
ations such as the depletion of nutrients, the variations in hor-
mone levels, and the reception of sensory signals. The stimuli
are processed to change the activities of enzymes controlling
pathways in the biological system. Two basic phenomena play
a large role in this processing: allosteric changes in protein con-
formation and covalent modification of proteins.

Since the findings of Cori and Green (1) and Krebs and
Fischer (2) that glycogen phosphorylase exists in two forms,
phosphorylated and dephosphorylated, the number of proteins
that have been found to be controlled by covalent modification
has increased steadily. Covalent modification has been identi-
fied with control in carbohydrate metabolism, fat metabolism,
sensory systems, muscular contraction, protein synthesis, ni-
trogen metabolism, and malignant transformation (3-10).

In phenomena such as sensing, and in the regulation of me-
tabolism, it is important that the “turning on” of one pathway
and the “turning off” of another be sensitive to relatively small
changes in effector concentration. One known mechanism for
increasing the sensitivity of a system is through cooperative in-
teractions. Another is the effect of a ligand that enters at more
than one step in a pathway—e.g., to activate one enzyme and
inhibit another, as happens in the glycogen cascade (4).

Stadtman and Chock (11-13) have made an extensive and
elegant analysis of the mathematical relationships of cascades.
Using simplifying assumptions such as first-order kinetics and
negligible concentrations of the Michaelis complexes, they were
able to quantitate the amplification caused by multiple inputs,
the interrelationship of output rates to parameter changes in the
modifying enzymes, and the acceleration of rate processes. To
show that their conclusions were not dependent on the sim-
plifying assumptions, they also utilized a more general quartic
equation involving 200 terms, which was solved by computer
approximation methods (11). This more complex equation sup-
ported the conclusions obtained from the simpler equations, but
specific cases revealed kinetic curves for certain parameter val-
ues that were apparently more sensitive to changes than the
initial curves. It occurred to us that further insight into the na-
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ture of covalent regulation was possible, if the differential equa-
tions could be solved analytically outside the first-order region.
This analysis has been achieved, and the results reveal that
there is an added sensitivity inherent in covalent modification
schemes when one or more of the converter enzymes operate
in the “zero-order” region—i.e., region of saturation with re-
spect to protein substrate. Thus there is a property of covalent
systems that, in the absence of allosteric cooperativity and mul-
tiple inputs, can generate sensitivity equivalent to cooperative
enzymes with high Hill coefficients. The derivations leading to
and the implications of this finding are discussed below. For
convenience, we shall use the term “ultrasensitivity” to de-
scribe an output response that is more sensitive to change in
stimulus than the hyperbolic (Michaelis-Menten) equation.

Steady-state behavior of modification system

We shall consider a covalent modification system in which a
protein can exist in the unmodified form W and the modified
form W* as shown in Egs. 1 and 2. The interconversion of the
forms is catalyzed by two converter enzymes, E; and E,, ac-
cording to Egs. 1 and 2.

a k1
w+EIzd==WE1—>w*+E1 (1]
1
o ks
W* + E, zd-': W*E,—» W + E,. [2]

It is assumed that the other substrates and products for modi-
fication and demodification, corresponding in specific cases to
ATP, S-adenosylmethionine, H,0, etc., are present at constant
levels and can therefore be included in the kinetic constants
without loss of generality. The kinetic equations governing the
time evolution of such a system are:

d[W]

& —a)[W][E,] + dj[WE,] + ky[W*E,]

d[‘ZtEll = al[W][Ex] - (dl + kl)[WEl] 3]

A0 o G WHIES + dW'ES] + K[WE,]
AWE — o WAIE) — (& + kIW'E]

These equations are complemented by conservation equa-
tions 4, 5, and 6.

Wr = [W] + [W*] + [WE,] + [W*E,] (4]

1 On leave from the Faculté des Sciences, Université Libre de Brux-
elles, B-1050 Brussels, Belgium.
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it = [Eq] + [WE,] 5]
or = [Eg] + [W*E,]. (6]

In the initial derivation we shall consider the concentration Wy
to be in such large excess over E; and E, that the Michaelis
complexes, WE,; and W*E, can be neglected in Eq. 4. Later
we shall analyze the effect on the system if these terms are not
negligible as well as the effect of nonproductive binding terms
W*E, and WE,.

In the following mathematical relationships we shall use W
and W* to indicate mole fractions—i.e., [W]/Wr and [W*]/
Wr. At steady state k;[WE,] = ky[W*E,], which leads to Eq.
7 for the fraction of modified protein.
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more abruptly when the converting enzymes E, and E, are sat-
urated than when they operate in the first-order region.

Response coefficient R,

The steep transition curves of Fig. 1 illustrate an additional type
of increased sensitivity. It originates from the kinetic interplay
between two converter enzymes operating in opposite direc-
tions, outside the domain of first-order kinetics, and on a target
protein whose total quantity is conserved. We shall therefore
refer to the latter phenomenon as “zero order ultrasensitivity,”
meaning zero-order in the protein substrate, which saturates
the enzyme surface, and ultrasensitive because it is more sen-
sitive than a Michaelis-Menten response to stimulus.

(1)) ([ w2 - - ) ) ;

W* =
Vl
2(7-1)

= Kml/wT,

In this expression
d, + kl

Vi = kEyr, Vo = koEor, Ky =

d2+k2
d = =
K, W Koo/ W,

Note that K, and K, are the respective Mlchaells constants K
and K, divided by Wr. The conservation relationship gives W
=1 — W*. Eq. 7 can be rearranged to give the relationship
between V,/V, and a given value of W* at steady state.

Vi _ WHL-W*+K)] -
Vo (1—-WHW*+Ky)

For the special case when V| = V,, Eq. 7 has to be replaced
by Eq. 9 to obviate indeterminate forms.
K,
* = =
w K+ K [9]

A plot of the mole fractions W and W* at steady state as a .

function of the ratio V,/V, is shown in Fig. 1 for various values
of K, in a system in which K; = K,. At low values of K, and
K;—i.e., at enzyme saturation—there is an abrupt change from
largely unmodified protein to largely modified protein over a
very small change in the V,/V, ratio. For large values of K, and
K, the curve is quite shallow. This leads to the first significant
conclusion of the study, that the W-to-W* transition occurs far

W )

Worw*

(molar fractions at steady state)

10 102
Vi/Va

Fig. 1. Fractions of modified (W*) and unmodified (W) protein at
steady state as a function of the ratio of the modification rates. The
curves are established according to Eq. 7 for the values of the constants
Kl and Kz indicated.

To evaluate the steepness of the transition in covalent mod-
ification we shall use a response coefficient R, defined in anal-
ogy to the allosteric response coefficient R,. This coefficient is
defined as (Sg.o/So 1), the ratio of the substrate concentration
required to give 90% saturation relative to the concentration
required to give 10% saturation (14). The analogous quantity
R, is defined as the ratio of V,/V, when 90% of the protein is
in the modified form to V,/V, when 10% is in the modified

form.
The ratio R, is a function of K; and K, as given in Eq. 10.

81K, + 01K, + 0.1
R.="K 109K + 09

In the limiting case when K, and K, are much greater than
1, the value of R, is 81, exactly the same as the ratio of the ligand
concentrations needed to go from 10% to 90% saturation of a
Michaelis-Menten protein. As K, and K, decrease, the value
of R, decreases, approaching unity for the limit at which K; and
K, are both much smaller than 0.1. Clearly this limit can never
be reached because it would indicate an impossibly abrupt tran-
sition. However, R, would approach a value of 1 (infinite ul-
trasensitivity) as the modifying enzymes both become saturated

with the substrates W and W*,
Using these equations, it is now possible to compare the

steepness of the covalent transition with the steepness of allo-
steric proteins with various Hill coefficients (14). The value of
R, derived from the Hill equation is given by the expression

[10]

So.o/S0.1 = R, = (81)"™ [11]
in which ny is the Hill coefficient. This value is plotted in Fig.
2 as a function of ny along with values of R, as a function of K,
and K.

A value of R, = 4.5 corresponds to a Hill coefficient of 2.9,
the observed coefficient for hemoglobin (15), a protein whose
cooperativity is essential to performance of its function. The
same degree of steepness is obtained by a reversible covalent
modification system in which K; = K, = 107!, A covalent mod-
ification scheme having the constants K; = K, = 102 would
correspond in sensitivity to the saturation curve of a cooperative
protein with a Hill coefficient greater than 13.

Effect of nonproductive binding and appreciable
concentration of enzyme-substrate complexes

As previously mentioned, the effect of higher concentrations
of the nonproductive forms (E,W* and E,W) and the presence



6842  Biochemistry: Goldbeter and Koshland

Kz for Ry Curve

102 10 [ 107! -2
100(— : ! | lo

11 1 i1

Rs or Rv

ny for Rg Curve:

FiG. 2. Comparison of response coefficients for sensitivity in cova-
lent modification (R,) and allosteric (R,) systems. R, represents the
ratio of V,/V, values required to give 90% and 10% modified protein,
respectively. R, represents the ratio of ligand concentrations needed
to give 90% and 10% saturation or maximal catalytic rate. R, is varied
as a function of ny (Eq. 11) and R, as a function of K, and K, (Eq. 12).
Thus reading the curve shows that R, = 3 when ny = 4. To compare
the respective sensitivities, one may imagine a horizontal line inter-
secting the curves at the same R, and R, values. The W* vs. V,/V,
curve corresponding to that value of R, will have the same steepness
as the saturation curve of the R, protein. If the mechanism that con-
trols V,/V, leads to a situation in which V,/V, is proportional to S,
the W* vs. S curve can be superimposed on the saturation curve of the
allosteric protein.

of appreciable concentrations of the Michaelis intermediates
need to be considered. The effect of the latter on the concen-
trations of free W and W* are shown in Fig. 3. It can be seen
that values of 0.1 or less for E;/ W and Eyr/ Wy do not change
the sensitivity significantly, but large values reduce the steep-
ness dramatically.

If we consider the nonproductive complexes E,;W* and E,W
whose equilibrium dissociation constants are denoted by K;; and
Ky, the quantity R, previously defined is given by Eq. 12.

g, = 8UKi + 0.1 + 99,][K; + 0.101 + 9py)]
[K; + 0.19 + p)I[K; + 0.19 + pp)] ~

(12]

Here py = Kp/Ky and py = Kpo/Ko:

Eq. 12 shows that for p, = p, = 1, the ratio R, is equal to
81 regardless of the value of K; = K,. Whenever p, and p, are
greater than unity, the coefficient R, will exceed 81, analogous
to negative cooperativity in allosteric enzymes. For values of
K; = K, smaller than 0.1, an R, value equivalent to an nyg =
0.8 obtains when p; = p, and they are close to 2—i.e., when
the product inhibition constants are half the Michaelis constants
of the modifying enzymes. When nonproductive binding and
Michaelis complexes are considered together, the influence to
diminish sensitivity is less than additive. That is to be expected

Proc. Natl. Acad. Sci. USA 78.(1981)
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FiG. 3. Fractions of the modified and unmodified protein when
concentrations of modifying enzymes E, and E, are not negligible with
respect to Wr. The curves are established for K, = K, = 107! by nu-
merical resolution of a third-degree equation for W that is obtained
when taking into account the complexes E,;W and E;W* in the con-
servation relationship for the target protein. Curves for Wand W* are
given for concentrations of the converter enzymes that are much less
than, 10% of, and equal to Wr. The third-degree equation reads as
follows:

W1 — a) + WY(K; + Kpa) + (1 — a)lK; + €; + epa — 1]}
+ K,W{K, + aKp) + (@ —2) + (g, + 5,0)} — K,2=0
with &; = E;r/Wr, &, = Epr/Wr, and a = V,/V,.

The other fractions are given by
(51 + €2a)
1 [1 K,+W ]'

w w*
W = o) BV - o)

(W, W* E,W, and E,W* are the molar fractions of the corresponding
species.)

because the protein complexes will be competing with each
other.

How much these effects actually diminish the sensitivity of
a covalent modification system to the environmental changes
depends on the activity of the E,W, E,W*, E,W*, and E,W
complexes. If, for example, W is an enzyme such as phosphor-
ylase and its active site is free in the protein complexes, E,W*
may be just as active as W*. In that case the plots of Fig. 1 will
more closely represent the real change in the response than will
the more dampened responses of Fig. 3.

Zero-order ultrasensitivity in a bicyclic cascade

The question arises as to whether the zero-order sensitivity
obtained in a single cycle can be further enhanced in a multi-
cyclic cascade. To answer this question, we consider the bicyclic
system shown in Eq. 13, in which protein W*, modified in the
first cycle, catalyzes the modification of a second target protein
Z into Z*.

(13]

Fig. 4 illustrates the variation of the fractions of modified
proteins, W* and Z*, as a function of the effector S that controls
V/V,. In the simplest mechanism S activates enzyme E, in a
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Fi1G. 4. Behavior of a bicyclic cascade. The molar fractions W*
(product of the first cycle) and Z* (product of the second cycle) are
shown as a function of the effector, S, which activates the converter
enzyme E, (see Eq. 13). The fraction of active enzyme, E;S, is equal
to the saturation function, S/(Sys + S). The values of R, for the W*
and Z* curves are 3.4 and 1.8, respectively. These R, values correspond
in sensitivity to Hill coefficients of 3.6 and 7.5 (see Fig. 2). The same
values are obtained for R, when W* and Z* are plotted with respect
to (V1/V3). The curves for W* and Z* are obtained from Eq. 7 and from
a similar equation for Z*, when taking the Michaelis constants of E,
and E; equal to 0.1 Wy, and the Michaelis constants of W* and E; equal
to 0.1 Zy. The ratio V,/V, is linked to S by the relationship V,/V, =
100S/(So 5 + S); the ratio of modification rates for the second cycle,
Vws+/Vs, taken as 10W*. For these values, W* = Z* = (.01 when V,/
V, = 0.1. The curves for W* and Z* are shifted to the right and reach
lower asymptotic values for S >> S, 5 when V,/V, = S/(S + Sy5).

Michaelian fashion. Two significant features can be noticed.
First, although the saturation of E, by S is Michaelian, the
curves W* and Z* vs. S exhibit the form of positive coopera-
tivity. Second, the curve for Z* is steeper. than that for W*,
although the same values for the normalized Michaelis constants
were taken in the two cycles of the cascade. The Hill coefficients
of enzymes that give curves of steepness equivalent to these
would be 3.6 for the W* curve and 7.5 for Z* (see Fig. 2). There-
fore additional cycles in a cascade provide the potentiality for
increasing the sensitivity of an individual cycle as shown in other
cases by Stadtman and Chock (5, 13).

Behavior of modification system in the first-order region
Mathematical equations can be derived to show that zero-order
ultrasensitivity cannot occur when the converter enzymes op-
erate entirely in the domain of first-order kinetics. When K; and
K, >> 1, the equation yielding W* at steady state in a mono-
cyclic system reduces to

Vi/Ve
(Ky/Ky) + (V)/ V)

Because this expression is hyperbolic in form, R, is 81, which
corroborates the results for large values of K; and K, in Fig. 2.
Whenever V,/V, is proportional to S, the curve yielding W*
as a function of S will also have an R, of 81. Extending this rea-
soning, it can readily be shown that the curve for Z* in a bicyclic
cascade will also be hyperbolic when all converter enzymes
operate in the first-order region. Thus the condition for zero-
order ultrasensitivity is that one or more of the converter en-
zymes operate outside the first-order region.

W* = [14]

Time required for change

The possibility of an abrupt change from largely unmodified to
largely modified enzymes, or vice versa, offers the opportunity
for a highly sensitive regulatory control, but whether such a
mechanism is of physiological importance depends on whether
it can reach steady state within a reasonable interval of time.
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The time evolution of the fraction of modified protein is gov-
erned by the differential equation 15

dW* _ V, [(V/V)1 - W) W
d Wil K,+1-W* K, +W* [15]

when a quasi-steady-state assumption is made for the various
enzyme-substrate complexes in Eq. 3. Accordingly, calcula-
tions were made for some of the most sensitive systems (very
low R,) and some of the least sensitive (very large R,) to deter-
mine the time required to change from one steady-state situ-
ation to the other. The results show that the change from the
initial steady state to the final state is quite rapid and relatively
independent of the steepness of the transition. When kinetic
values measured for actual enzymes in the glycogen cascade are
used, the shift is calculated to occur in seconds in some cases
and in minutes in others. Thus the switch from one activity level
to the other occurs within physiologically significant time in-
tervals—e.g., matching those observed for the phosphorylation
of glycogen phosphorylase b (2, 17, 18), the dephosphorylation
of glycogen synthetase (19, 20), and the adenylylation of glu-
tamine synthetase (21, 22).

Although the change in V,/V, can occur rapidly, this may not
always be the case. The control of E, and E, may involve several
reactions, some of which may be slow steps. The effect of a slow
variation in V,/V, is shown in Fig. 5. In the curves marked I,
V,/V, rises from 0.5 to 1.2 with a half-time of 70 sec. The con-
sequent change in W* shows an abrupt transition but only after
a time lag. If the change in V,/V, is not large enough to exceed
the threshold of stimulation (illustrated in Fig. 5 by the curves
marked II for a change in V,/V, from 0.5 to 0.8) the resulting
W* curve never shows a dramatic increase. In fact, the thresh-
old effect and time lag shown here have a striking resemblance
to those observed for the activation of liver glycogen synthetase
by glucose (19, 20).

Discussion

The mathematical analysis of covalent modification schemes has
revealed an intriguing and surprising result. It is that an am-
plification in response can arise from the kinetics of covalent
modification analogous to the cooperativity present in allosteric
enzymes with Hill coefficients greater than 1. The ingredients
that lead to this sensitivity are threefold: (i) the kinetics operate
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F1c. 5. Threshold effect and time lag in the time evolution of the
fraction of modified protein. The curves for W* are obtained by inte-
gration of Eq. 15 with the indicated slow variation in V,/V, from 0.5
to 1.2 (case I) and from 0.5 to 0.8 (case II). Other parameter values are
Wy =100 uM, K, = K, = 1072, and V, = 10 uM sec™’. Similar time
lags can be obtained for the bicyclic cascade (see Eq. 13 and Fig. 4)
when the rise in W* from a low initial value precedes the rise in Z*.
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at least in part in the zero-order region, (if) the conservation
relationships require W to decrease as W* increases and vice
versa, and (iii) a steady state rather than an equilibrium is ul-
-timately reached. This zero-order ultrasensitivity occurs even
when a single effector acts in a noncooperative manner on one
of the converter enzymes.

A simple explanation for the kinetic results is as follows.
When both converter enzymes are saturated, the rate of for-
mation of W* is V, — V,—i.e., independent of W and W*. Such
a rate will continue until either W or W* falls below the satu-
ration level—i.e., W*/K, or W/K is 1. The rate will then drop
and eventually reach the steady-state value. The smaller K, or
K; or both, the more abrupt the transition. In the region of first-
order kineties, in contrast, any increase in the rate of E; will
induce a rise in W* that will be counterbalanced immediately

-by the subsequent increase in the rate of E,. Such a situation
results in a less steep transition between W and W* as V,/V,
is varied.

In a normal Michaelian hyperbolic enzyme there must be an
-81-fold change in ligand (substrate, inhibitor, or activator) to
achieve an activity change from 10% maximal enzyme activity
to 90% maximal enzyme activity. A cooperative enzyme with
a Hill coefficient of 4 can give the same enzyme activity change
with only a 3-fold variation in ligand concentration. The same
sensitivity is apparently obtained in a properly designed cova-
lent system even when the regulatory ligand binds hyperboli-

- cally to only one converter enzyme in the cascade. Moreover,
if the covalent modification scheme has the optimal constants,
it can achieve a sensitivity to ligand changes which exceeds that
of enzymes that have Hill coefficients of 4. Such high Hill coef-
ficients are a very great rarity among cooperative proteins, so
this aspect of covalent modification offers great advantages for
tight control of a biological system.

This advantage is not present if both of the modifying proteins
are operating in the first-order region relative to the proteins
modified. The mathematical analysis shows that in that region
they will give the same kind of responsiveness as a
Michaelis-Menten enzyme. In many cases, such a response
may be adequate. However, in certain futile cycles or in an
adaptive sensory system in which one pathway. must be turned
on and another pathway turned off, higher sensitivity may be
needed and zero-order ultrasensitivity could provide a mech-
anism. Because phosphorylation has been identified with. the
src gene (23-25), it is intriguing to ask whether a change in sen-
sitivity. may be important in the loss of control identified with
cancer cells.

Analysis of the kinetics shows that the time to obtain a new
steady state after a stimulus can be slower than allosteric
changes. This is understandable, and it is probably true of most
covalent modifications. With the constants available for the
cyclic AMP-dependent protein kinase-phosphorylase
kinase-phosphorylase system, the new steady state can be
achieved in the order of seconds. With higher turnover num-
bers for the converter enzymes, lower concentrations of the
target proteins, or both, a millisecond time course could be
achieved. The nonequilibrium steady state that is reached will
be stable, because sustained temporal oscillations develop only
when the converter enzymes are subjected to regulation by a
target enzyme or one of its products (26).

The present findings mean that a multienzyme cascade with
reversible converter enzymes such as kinases and phosphatases
has three potential devices for enhancing its sensitivity beyond

- that expected from Michaelis—Menten kinetics: (i) the conven-
tional “cooperative. ultrasensitivity,” which could occur for any
enzyme with a Hill coefficient greater than 1; (ii) the oppor-
tunity for a given ligand (or its messenger) to act in more than

—
19
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one step, “multistep ultrasensitivity”; (iif) “zero-order ultrasen-
sitivity,” in which converter enzymes operating under saturat-
ing conditions amplify the response to a signal. A given pathway
or cascade can use any one of these mechanisms or all three to
enhance its sensitivity.

Simple extension of the mathematics shows that the sensi-
tivity can be propagated and enhanced in a multicycle network.
Such amplification is not. automatic. It is important that the

" kinetic and binding constants for the second and third cycles

be in the appropriate range or the initial sensitivity will be
damped. However, the appropriate relationships cover a wide
range of values and presumably are selected by evolution for
those systems in which enhanced sensitivity is appropriate.

It should be emphasized that the data are not yet available
to say with certainty that this device for added sensitivity is ac-
tually utilized in biological systems, although preliminary ob-
servations on phosphorylation systems in our laboratory are
encouraging. The predicted relationships are consistent with
the range of enzymatic values that have been observed, and
knowledge of this possibility allows a search to determine
whether such mechanisms exist in nature. If so, it provides a
significant added mechanism for regulatory pathways to be sen-
sitive to small changes in environmental stimuli.
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