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Robust global sensitivity in multiple enzyme cascade system explains how
the downstream cascade structure may remain unaffected by cross-talk

Vivek K. Mutalik?, Aditya P. Singh®, Jeremy S. Edwards®, K.V. Venkatesh®®*

2 Department of Chemical Engineering, Indian Institute of Technology Bombay, Powai, Mumbai-400076, India
b Department of Chemical Engineering, University of Delaware, Newark, DE 19716, USA
¢School of Biosciences and Bioengineering, Indian Institute of Technology Bombay, Powai, Mumbai-400076, India

Received 28 October 2003; revised 23 December 2003; accepted 8 January 2004

First published online 16 January 2003

Edited by Judit Ovadi

Abstract A steady-state framework was applied to the ubiqui-
tous tricyclic enzyme cascade structure, as seen in the mitogen-
activated protein (MAP) kinase system, to analyze the effect of
upstream Kkinase concentrations on final output response. The
results suggest that signal amplification achieved by the cascade
structure ensured that the modifying enzymes at various steps of
the cascade were nearly saturated. Thus, there was no change in
the response sensitivity with increasing upstream kinase concen-
tration. Analysis was also extended to branching of a signaling
pathway as an example of cross-talk. It was observed that the
cascade structure confers a larger share of the signal transduc-
tion properties to its last kinase. This phenomenon in enzyme
cascades may explain how the response of the terminal MAP
kinase is unaffected by cross-talk of upstream Kkinases.

© 2004 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction

Living cells continuously sense extracellular cues, transduce
signals and respond appropriately with the help of intricate
signaling pathways, to survive in an ever changing environ-
ment [1,2]. Signaling pathways are made up of a complex web
of enzyme cascades, some of which are known to be highly
conserved across living systems [3]. Depending on their regu-
latory design, enzyme cascades have been shown to exhibit
signal amplification [1,2,4-7], flexibility [2.4], bistability [8],
oscillations [9], robustness [10,11], and ultrasensitive responses
[1,4-7,12-16]. Multicyclic enzyme cascades are known to in-
tegrate multiple signals, thereby permitting coordinated phys-
iological responses [2,4]. The physiological responses are usu-
ally ultrasensitive, exhibiting sigmoidal dose-response curves
[1]. The functional significance of ultrasensitivity [1,6,12,17]
and conditions for generating such a sensitive response have
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been discussed [18,19]. In enzyme cascades, ultrasensitivity
arises when: (a) the converter enzymes (e.g. kinases and phos-
phatases) operate under saturating conditions (i.e. zero order
effect) [5-7], (b) a signaling component acts on multiple steps
of a cascade system (i.e. multi-step effects [5,7] and its mani-
festations, like dual phosphorylation [12]), and (c) a stoichio-
metric inhibitor of the activating enzyme is present [12]. Fer-
rell and coworkers [12-15] have used the Hill coefficient as a
sensitivity parameter to quantify the steepness of sigmoidal
dose-response curves. A value of the Hill coefficient greater
than 1 indicates ultrasensitive response, while values less than
1 indicate subsensitive response.

In eukaryotic cells, mitogen-activated protein kinase
(MAPK) modules are highly conserved enzyme cascade sys-
tems [3]. They are activated by a wide array of stimuli and are
known to regulate numerous cellular processes [20]. The
MAPK cascade system typically consists of three sequentially
activating enzyme cascades, such that an active MAPK kinase
kinase (MAPKKK) activates MAPK kinase (MAPKK),
which further activates a specific MAPK. The terminal
MAPK then acts as an effector of a unique pathway, by
regulating the gene expression to elicit an appropriate phys-
iological response [20]. Experimental and theoretical studies
have reasoned that the major significance of having such a
cascade structure may be to amplify and integrate various
signals arriving from different pathways and also to filter
out noise [3,8,12-15,20]. The term cross-talk in the signaling
field refers to interconnections between different signaling
pathways. The signal can be integrated from different inputs
(through components known as ‘junctions’) which can branch
out to multiple outputs (through components known as
‘nodes’) [21]. Many components of the MAPK cascades are
shared by different pathways and still demonstrate specificity
by responding differently to different signals [3,20,22]. If the
same protein kinase is being shared between two or more
different signaling pathways, then the question arises as to
how the same protein determines different responses in differ-
ent pathways and how its concentration affects the ultimate
output response (say, phosphorylation of a specific MAPK).

In the present work, to study the effect of upstream kinase
concentration on a final output response, a linear tricyclic
enzyme cascade and branching of a signaling pathway, as a
case of cross-talk, was analyzed. By steady-state analysis, we
show that the cascade structure confers the larger share of the
signal transduction properties to its last kinase and responds
with an invariant global sensitivity (quantified as apparent
Hill coefficient) at various concentrations of upstream kinases.
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Fig. 1. Mathematical formalism developed to analyze the simple tri-
cyclic protein kinase cascade and branching pathway as a case of
cross-talk. A: Schematic of the tricyclic enzyme cascade: enzymes
A, B and C are kinases, and A-P, B-P and C-P are phosphorylated
forms of A, B and C. Enzyme E, (a kinase) catalyzes the forward
reaction of the first cycle, and E,, E; and E4 are phosphatases of
the first, second and third cycles respectively. Kp,; and k; are Mi-
chaelis constant and rate of the reaction respectively (subscript 7 in-
dicate numbers from 1 to 6) as shown in the figure. B: Schematic
of enzyme cascade system, in which active kinase B catalyzes the ac-
tivation of two different downstream kinases C and D. C-P and
D-P are phosphorylated forms of kinases C and D. Es is a phos-
phatase enzyme, Kns1, Knei are Michaelis constants and ks;, k¢ are
reaction rate constants for the covalent modification cycle of D.
Other nomenclature as in A.

2. Materials and methods

Fig. 1A shows the schematic of a linear tricyclic cascade wherein a
protein kinase (interconvertible enzyme) A gets phosphorylated to A-
P, which further catalyzes the phosphorylation of B. In the next step,
the phosphorylated form of B (i.e. B-P) further catalyzes the phos-
phorylation of C. Enzymes E,, E; and E4 are the phosphatases, which
dephosphorylate the modified enzymes A-P, B-P and C-P, respec-
tively. Enzyme E, is a signal input to the system and is commonly
an active kinase (converter enzyme). The signal output of this path-
way is the phosphorylation of the terminal kinase C, which can fur-
ther elicit a cellular response. The steady-state operating equation for
individual covalent modification cycles were sequentially connected to
evaluate the output response (of the terminal kinase) of the cascade
structure to the input stimulus (Eji). The concentrations of ATP
and PPi were considered to be constant in the current analysis. The
steady-state operating equation for a simple covalent modification
cycle has been taken from the classic work of Goldbeter and Kosh-
land [5-7].

For the first cycle (modification of A) in a linear cascade (Fig. 1A),
the steady-state relationship in the form of a cubic equation for frac-
tional modification of protein kinase is given in the Appendix. Similar
cubic equations were written for each step of the reversible phosphor-
ylation cycle in a linear cascade to estimate the corresponding frac-
tions of modified and unmodified protein kinases. As the output of
one cascade becomes the input to the subsequent downstream cascade
(at fixed phosphatase concentration), the fractional modification of
terminal kinase C can be estimated at various input stimulus concen-
trations (Ejota1)- Such an analysis gives stimulus dose-response curves
for fractional modification of all three protein kinases at a specific
input stimulus concentration.

A similar analysis was also extended to the cascade structure shown
in Fig. 1B. This is a case of cross-talk, wherein a common kinase
participates in two different pathways (or routes a signal to different
proteins, C and D). The description of the cascade structure is the
same as that of Fig. 1A, except that the activated protein kinase B (i.e.
B-P) catalyzes activation of two different kinases C and D. Here, it is
assumed that the activation of both downstream kinases C and D
occurs independently. As explained above, we obtain the stimulus
dose-response curves for fractional modification of C and D to a
given input Ej,. In the present analysis, we have considered all
enzyme-substrate complexes in the conservation relationship for the
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corresponding target protein (in an individual cascade). It should be
noted that we have neglected the cascade connecting complexes BAP
and CBP (of Fig. 1A) in the A and By balances respectively, and
complexes BAP in the A balance, CBP and DBP (of Fig. 1B) in
the By balances. This assumption is valid for sets of parameter
values that yield greater than 90% modification of the kinases, imply-
ing that the complexes are negligible. The parameters used for the
above analysis are listed in the Appendix. The parameters were re-
ferred from the work of Huang and Ferrell [13], and Bhalla and
Iyengar [23], wherein the parameter values were experimentally vali-
dated.

The steepness of the stimulus dose-response curves can be approxi-
mated using the Hill equation. The global output response (fractional
modification of C) can then be quantified in terms of apparent Hill
coefficient and half-saturation constant, with respect to the input stim-
ulus concentration. Here, the half-saturation constant is the amount
of input stimulus required for 50% fractional modification of the
corresponding protein kinase. Thus, the half-saturation constant in-
dicates a mid-point on the unmodified to modified kinase transition
curve. The parameters of the Hill equation thus also quantify the
threshold input concentration required to switch on the response.
The apparent Hill coefficient can also be calculated by estimating
the primary input concentration required for 10% to 90% modification
of terminal kinase C, by using the following equation:

App _ log 8l 0

T]H 10 (1079)
g Io,

where Iy and [y¢ are input concentrations required for 10% and 90%
modification of terminal kinase C, and 7j"" is the apparent Hill co-
efficient.

3. Results

The cubic equation (given in the Appendix) was used to
obtain the fractional modification of kinases A, B and C at
various input concentrations (Ej ) to yield the dose-re-
sponse curves. Fig. 2A shows the dose-response curves for
three kinases at different concentrations of primary kinase
A. For a given primary kinase concentration, the steepness
of dose-response curves increases and the half-saturation con-
stant decreases as the signal propagates down the cascade.
This indicates amplification of the signal and an increase in
sensitivity. The steepness of the fractional modification curve
of the first cycle increased as the concentration of primary
kinase A increased (curves al-a3 in Fig. 2A). The increase
in steepness (also indicated by the apparent Hill coefficient)
is due to zero order effects and this does not affect the half-
saturation constant of the first enzyme cycle. The variation in
the concentration of primary kinase A did not affect the steep-
ness of the dose-response curves of downstream kinases (i.e. B
and C). However, the half-saturation constant of the dose—
response curves (of B and C) decreased with an increase in the
concentration of primary kinase A, indicating signal amplifi-
cation. It should also be noted that this increase in signal
amplification is limited and saturates beyond a particular con-
centration of A. Thus, an increase in the primary kinase con-
centration resulted in an increase in signal amplification to
some extent, but did not influence the sensitivity of the
dose-response curves of downstream kinases. A similar anal-
ysis by changing the second kinase B concentration indicated
that the sensitivity of the dose-response curves of the terminal
kinase C was not affected. Also, for obvious reasons, the
response of the primary kinase was not influenced by the
changes in the concentration of downstream kinase.

The invariance in global sensitivity of the terminal kinase C
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Fig. 2. Predicted dose-response curves of tricyclic enzyme cascades.
Fractional modification of the first kinase (curves a), the second ki-
nase (curves b) and the third kinase (curves c) in a tricyclic enzyme
cascade at various concentrations of the input Ej on semi-loga-
rithmic plots. Parameters used for the analysis are listed in the Ap-
pendix. A: Predicted dose-response curves at different concentra-
tions of kinase A represented by curve al, A, =0.003 uM, curve a2,
A,;=0.3 uM and curve a3, A,=5 pM. Total concentrations of sec-
ond kinase B and thlrd kinase C were kept constant at 1.2 uM.
Curves bl to b3 (anp~1 34) and cl to c3 (nﬁpp"'l 42) represent
response curves obtained for changes in the first kinase concentra-
tion from curve al to a3 (anp~1 1.7) respectively. B: Predicted
dose-response curves at different concentrations of second kinase B
represented by curve bl, B,=1.2 uM, curve b2, B,=4 uM and
curve b3, B,=10 uM. Total concentrations of first kinase A and
third kinase C were kept constant at 0.003 uM and 1.2 uM respec-
tively. Curves al to a3 (nApp~ 1) and ¢l to ¢3 (7 APP ~ ] .42) repre-
sent response curves obtamed for change in second kinase B con-
centration from curve bl to b3 (anp'*'l 34-1.65) respectively.

can be visualized by plotting the apparent Hill coefficient with
respect to the input concentration at various concentrations of
upstream kinase as shown in Fig. 3. The apparent Hill coef-
ficient was constant with respect to changes in upstream ki-
nase concentrations (Fig. 3A), as shown in Fig. 2, whereas the
apparent Hill coefficient increased with an increase in the
terminal kinase concentration C due to zero order effects
(Fig. 3B). Therefore, for a given concentration of terminal
kinase C, a specific sensitivity was obtained for the overall
response (see ‘a’ and ‘b’ in Fig. 3B).

The above results indicate that in enzyme cascades the re-
sponse sensitivity of the terminal kinase depends mainly on its
concentration and thus may remain unaffected by the cross-
talk of the upstream kinases. The cascade structure shown in

81

Fig. 1B was analyzed to obtain insight into this phenomenon.
The dose-response curves of fractional modification of termi-
nal kinases C and D at various concentrations of input stim-
ulus are shown in Fig. 4. As the concentration of upstream
kinase B was increased, the half-saturation constant of the
fractional modification curve of both terminal kinases C and
D decreased, while the sensitivity of the response remained
invariant (with apparent Hill coefficients 1.42 and 1 respec-
tively). We have arbitrarily chosen the parameters for the
phosphorylation cycle of terminal kinase D, such that the
responses of covalent modification cycles C and D can be
differentiated. As the covalent modification cycle of D oper-
ates in the first order region, the corresponding response is
Michaelian with an apparent Hill coefficient of 1; however,
the response sensitivity of cycle C remains unaffected due to
cross-talk of upstream kinase B.

In the present work, the main criterion for choosing the
parameters used for the analysis was that the cascade system
should respond with greater than 90% modification of the
terminal kinase. We have used the parameters from the
work of Huang and Ferrell [13], while keeping this criterion
in mind. To determine whether sensitivity of the response is
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Fig. 3. Operating curves for a tricyclic enzyme cascade. A: Plot of
the apparent Hill coefficient at various concentrations of upstream
protein kinase A (of Fig. 1B). Total concentration of kinase B, kept
constant at 1.2 uM, and that of the terminal kinase, C, is given as:
curve d] C,=12 uM (with 75 =1.42) and curve a2, C,=8 uM
(with My pp~3 25). B: Plot of the apparent Hill coefficient with in-
crease in the concentration of terminal kinase C showing zero order
effects. The total concentrations of upstream kinases were kept con-
stant at A, =0.003 uM and B,=1.2 uM; dotted lines al and a2 in-
dicate the results shown in A, for a particular concentration of tar-
get kinase C.
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Fig. 4. Predicted dose-response curves of an enzyme cascade system
with a common kinase activating two downstream kinases, repre-
senting a case of cross-talk (see Fig. 1B). Fractional modification of
first kinase A (curves a), second kinase B (curves b), terminal kinase
C (curves c) and terminal kinase D (curves d) in a tricyclic enzyme
cascade at various concentrations of the input Ej on semi-loga-
rithmic plots. Parameters used for the analysis are listed in the Ap-
pendix. Predicted dose-response curves at different concentrations of
second kinase B represented by curve bl, B,=1.2 uM, curve b2,
B;=4 uM and curve b3, B,=10 uM. Total concentrations of first
kinase A, terminal kinase C and terminal kinase D were kept con-
stant at 0.003 uM, 1.2 uM and 0.003 uM respectively. Curves al to
a3 (P =1), curves cl to ¢3 (M =1.42) and curves dl to d3
(nﬁpp =~ 1) represent response curves obtained for a change in second
kinase B concentration from curve bl to b3 (nﬁpp:1.34—1.65) re-
spectively.

constant for a range of parameters, the Michaelis constants
and reaction rates were also varied individually by * 10-fold,
keeping the rest of the parameters constant. The steepness of
the output response of cascade structures (Fig. 1A,B) at differ-
ent concentrations of upstream kinases was invariant to
changes in the parameters. However, the half-saturation con-
stant was again sensitive to these changes. The analysis was
also done using the parameters reported by Bhalla and Iyen-
gar [23] for the MAPK system, and similar results were ob-
tained (results not shown here). As listed in the Appendix,
these parameters are considerably different from those re-
ported by Huang and Ferrell [13].

In the current analysis, the cascade connecting complexes
such as BAP in the Ay balance, and CBP in the By, bal-
ance were neglected. We have varied the extent of formation
of these complexes and they were found to be negligible as
compared to the corresponding total kinases. This assumption
is valid when the terminal kinase response curve reaches be-
yond 90% phosphorylation. As can be seen from Fig. 2, great-
er than 90% phosphorylation of the terminal kinase (kinase C)
is reached at a low input concentration of ~107!% uM, which
is lower than that required for 5% phosphorylation of the
upstream kinases (i.e. A and B). At this point, irrespective
of their total concentration, the upstream kinases (A and B)
exist mainly in their free form, since the input stimulus is very
low for their activation. Also, if the total concentrations of
upstream kinases A or B are increased, the overall signal
amplification increases and thus leads to further reduction
in the threshold input concentration required to switch on
the response.
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4. Discussion

The analysis of a tricyclic cascade system and signal
branching pathway demonstrated an invariant global sensitiv-
ity with respect to changes in the upstream protein kinase
concentration, while exhibiting ultrasensitivity with an in-
crease in terminal kinase concentration due to zero order ef-
fects. The upstream kinases operate under saturating condi-
tions resulting in the observed invariant response sensitivity.
Effectively, the cascade structure imparts robustness to the
sensitivity of the output response. In a tricyclic cascade,
such as that observed in MAPK, the sensitivity of the overall
response depends on the amount of input stimulus to the
cascade and on the terminal kinase concentration. Thus,
zero order effects observed due to saturating levels of up-
stream kinases are not entirely transmitted down the cascade.
In such instances, contrary to common notions, the global
output responses do not always correspond to a multiplicative
function of the Hill coefficient of each cascade response.
Though the global sensitivity primarily depends on the termi-
nal kinase concentration, the half-saturation constant and
threshold input concentration to switch on the response are
influenced by the upstream kinase concentration. The cascade
structure decreases the threshold input concentration required
to switch on the response due to amplification and this phe-
nomenon is equally important as the invariant sensitivity in
signal transduction.

The analysis of a branched signaling pathway indicates that
different downstream kinases may respond differently to the
same input signal and hence may explain the varied responses
obtained through the same signaling pathway at different in-
put threshold concentrations. The response of the terminal
kinases (C and D of Fig. 1B) depends on their respective
concentrations, Michaelis-Menten constants and rate con-
stants of corresponding modification—demodification reac-
tions. These parameters can thus be responsible to yield dis-
tinct responses with respect to the same input stimulus.

In the present work, the response sensitivity of covalent
modification cycle C was not affected by changes in the up-
stream kinase concentration and its cross-talk with the down-
stream kinase of a different signaling pathway. Our simulation
results are consistent with a recent report on evolvability of
the MAPK cascade system [24]. Nijhout et al. [24] observed
that genetic variation in the regulatory region of MAPK will
have a more profound effect on the output response and will
be under stronger selection than that of upstream kinases.
This emphasizes the importance of the terminal MAPK con-
centration on the final response of the pathway.

What may be the significance of this robust sensitivity of
global output response towards changes in upstream kinase
concentration? Ferrell and coworkers have shown that, in
Xenopus oocytes, the net amplification is about 30-fold as
the signal passes down the Mos-Mek1-Erk2 (MAPK) cascade
system [12-15]. However, the signal appears to be attenuated
rather than amplified at the Mek1-Erk2 activation step. Since
Mek!l (a MAPKK) is more abundant than its downstream
Erk2 (a MAPK), the results imply that something other
than amplification is accomplished by interposing Mekl.
Now the question arises as to what may be the function of
this observed zero order ultrasensitivity at the Mekl activa-
tion step (see curves b2 and b3, Fig. 2B), when the net am-
plification is primarily dependent on the terminal kinase Erk2



V.K. Mutalik et al.[FEBS Letters 558 (2004) 79-84

concentration. We postulate that such an effect may be essen-
tial for Mekl to activate other signaling components or to
participate in other pathways without affecting the output
response of the Erk2 pathway. This result seems to be obvious
as it appears that MAPK essentially acts as an effector of each
pathway it participates in and has other diverse functions
[3,20]. The primary role of upstream kinases on the other
hand may be to activate specific downstream kinases by inte-
grating different signals. Thus, according to our analysis, the
higher concentration of Mekl may not affect the output re-
sponse of Erk2.

Our analysis may also provide insight into the phenomenon
of cross-talk in budding yeast. In Saccharomyces cerevisiae, an
upstream kinase Ste20p (a MAPKKK kinase) is known to
have multiple functions, along with the activation of the
MAPK cascade of the pheromone response pathway and fil-
amentation invasion pathway [3,20,22]. Other examples of
similar cross-talk include Stellp (a MAPKKK) and Ste7p
(a MAPKK), which are known to be part of different path-
ways in budding yeast [3,20,22]. It appears that having
such common kinases does not affect the overall response
of a particular pathway [22]. We postulate that this phenom-
enon may be due to the robust cascade structure and saturat-
ing effects of downstream kinases. Depending on the total
concentration of the target kinases the sensitivity of the indi-
vidual pathway response is fixed, based on the zero order
effect. A small percentage of phosphorylated MAPKKK is
known to be enough to activate a specific downstream kinase
[3,20], which then may allow the utilization of the remain-
ing MAPKKK for other functions. Therefore, having a com-
mon MAPKKK or MAPKK for many different pathways
may be economical for the performance of the cellular func-
tions.

It is known that the over-expression of component kinases
leads to loss of specificity, thus exhibiting a non-specific cross-
talk [3,20]. In such a case, can we obtain an invariant global
output response of the pathway in question? From the anal-
ysis presented here, it can be postulated that the sensitivity of
the global output response may remain unaffected due to non-
specific cross-talk. However, these arguments have to be
studied further.

Recent studies indicate that the enzyme cascades can show
a robust output response towards changes in the concentra-
tions of the various cascade components [10,11]. It has been
proposed that, to study the signal transduction mechanism,
the extent of protein modification may be more important
than their total concentrations [25]. Here, we argue that the
cascade component concentration may also be vital in obtain-
ing insight into the overall performance of the signaling path-
way. Therefore, to ascribe functional significance to individual
proteins and to determine the behavior of biological systems,
component quantifications (e.g. proteomes, transcriptomes) at
different conditions are essential.

Appendix. Cubic equation for covalent modification cycle of A
(Fig. 1A)

By considering the enzyme-substrate complexes AE; and
APE,, and neglecting the cascade connecting complex BAP
in the conservation relationship of target kinase A (first cycle
in Fig. 1A), the cubic equation for fractional unmodified ki-
nase A is given as:

af* +bf* +¢f +d =0 (A1)

A ye (1_k1E11>_
A koEy )’
Knt | Km2 k1E1:> ( klElz)
b= (Emy +(1-
(Ar Az kZEZt kZEZI

K  Ey klElt_I.
A ’

A A,
o K KKml 4 K> klElt>
A, A A kEy

kiEy; ) (Elt klElt>:|
=2+ (+ ;
<k2E2f A, koA

()
A
Here, subscript ¢ denotes total concentration of the corre-
sponding species and other nomenclature is as given in Fig.
1. From the constraint 0 <f<1, a valid root was obtained as
a fractional unmodified kinase A using Eq. Al. The fractional
modified kinase A (i.e. AP/A,) can then be obtained by using
the following relationship:

(E_i_/ﬂElz)
AP 1A _RAJ (A2)
At Kml +f

Ay

The parameters used for the analysis

Analysis was done using the following parameters on

MATLAB (The MathWorks Inc.) software.

1. Parameter set taken from Huang and Ferrell [13]. The total
enzyme concentrations: A,;=0.003 uM, B,=12 uM,
C;=1.2 uM, D,=0.003 uM; phosphatase concentration:
E; =E3,=0.0003 uM, E4=0.12 uM and Es, =0.0003
uUM; reaction rates: ky to k¢ =150 min~!, ks5; =10 min~!,
ke1 =20 min~—!; Michaelis constants: Ky to Kmg=0.3 uM,
Kinst = Kme1 =1 uM.

2. Parameter set taken from Bhalla and Iyengar [23]. The
total enzyme concentrations: A,=0.2 uM, B,=0.18 uM,
C;=0.36 uM; phosphatase concentration:
E» =E3=0.224 pM, E4=0.0032 puM; reaction rates:
k1 =240 min~!, k=360 min~!, k3=6.3 min~!, k;=360
min~!, ks=9 min~!, k¢ =60 min~'; Michaelis constants:
Kn1 =66.6 puM, Kpp=15.65 uM, Ku3=0.159 uM,
King =15.65 uM, K5 =0.046 uM, K6 =0.066 uM. Results
using these parameters are not shown in the present work.
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